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Abstract 
Passive damping systems can improve the seismic performance of buildings by 
reducing drift and inelastic deformation demands on the primary lateral load resisting 
system, in addition to reducing the velocity and acceleration demands on non-structural 
components. Recent research has shown that adding passive damper systems to steel 
moment resisting frames (MRFs) enables significant reductions in the steel weight of 
the MRFs, while enhancing the seismic performance of the structure.  
This study focuses on development of an innovative compressed elastomeric 
structural damper and evaluation of its hysteretic behavior for applicability towards 
reducing seismic hazards to steel MRFs. A large scale pre-compressed elastomeric 
damper was constructed by pre-compressing a high damping elastomeric material into 
steel tubes. The damper was characterized at various deformation amplitudes, 
frequencies and ambient temperatures. A rate dependent hysteretic model for the 
damper was calibrated and incorporated into the OpenSees program for use in seismic 
response analysis of steel MRF buildings with compressed elastomeric dampers. A 
simplified design procedure (SDP) developed by previous research was used to design 
a 0.6 scaled steel structure using elastomeric dampers, at a code specified and a reduced 
design base shear. OpenSees models of the designed structures were created and were 
used to investigate the effect of elastomeric dampers in improving the seismic 
performance of steel MRF structures. The real time hybrid simulation (RTHS) 
experiments performed on the structures designed with elastomeric dampers verified 
that the designed structures satisfied that objectives. The RTHS showed that the damper 
model predicts damper behavior with good accuracy and numerical simulations using 
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OpenSees models provided good predictions of the behavior of structures designed with 
elastomeric dampers. 
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Chapter 1. Introduction 
1.1 General 
Conventional seismic resistant systems dissipate energy through inelastic 
deformations of structural members subjected to a design earthquake. Excessive 
deformations experienced in such structures result in damage of structural and non-
structural members, and the structures usually need to be repaired after an earthquake. 
For some structures such as buildings, it is desirable to minimize the damage and repair 
time after an earthquake. Seismic protective systems such as dampers have been shown 
in prior research to be able to reduce structural demands during an earthquake. 
Viscoelastic (VE) dampers are a type of passive damper that can provide high 
energy dissipation and significantly decrease story drift and force demands on structural 
members. However their behavior is highly dependent on ambient temperature and it is 
difficult to design a structure with these dampers that will have satisfactory behavior 
over a reasonable temperature range (Fan, 1998). To overcome this shortcoming, 
elastomeric materials were studied by researchers (Lee, et al., 2005). The behavior of 
elastomeric materials is modestly dependent on ambient temperature and excitation 
frequency; however, elastomeric materials do not provide as much energy dissipation 
as viscoelastic materials. To increase the energy dissipation capacity of dampers 
designed with elastomeric materials, a 1st generation pre-compressed elastomeric 
damper was designed by Kontopanos (2006). The elastomeric material in this damper 
slips against a steel tube and provides high energy dissipation via friction in addition to 
the energy dissipated through shear deformation of the elastomeric material. However, 
the slip of elastomeric material leads to permanent deformation and damage of the 
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damper after an earthquake. In this study the behavior and performance of a new pre-
compressed elastomeric damper is investigated, that provides high energy dissipation 
and does not get damaged under a design earthquake. A simplified design procedure 
(SDP) developed for the design of frame systems with viscoelastic or elastomeric 
dampers (Lee, et al., 2005) is used to design steel moment resistant frame (MRF) 
structures with the new pre-compressed elastomeric dampers. The SDP uses elastic-
static analysis to determine the required damper properties to satisfy the desired seismic 
performance. The designed structures are subjected to nonlinear dynamic time history 
analysis (NDTHA) and their performance is evaluated. The behavior of the designed 
structures and their performance is experimentally validated using real time hybrid 
simulations (RTHSs).   
1.2 Research Objectives 
The objectives of this research study are: 
- To design, manufacture and characterize a new generation pre-compressed 
elastomeric damper that overcomes the shortcomings of the 1st generation 
pre-compressed elastomeric damper. 
- To develop a nonlinear rate-dependent hysteretic model of the new 
generation pre-compressed elastomeric damper to be used in nonlinear 
dynamic time history analysis (NDTHA) of structures with these dampers. 
- To improve the SDP for design and analysis of structures with the new 
generation pre-compressed elastomeric dampers. 
- To evaluate the seismic performance of steel structures designed with the 
new generation pre-compressed elastomeric dampers. 
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- To experimentally validate the SDP and NDTHA predictions, using RTHS 
of steel structures with the new generation pre-compressed elastomeric 
dampers. 
1.3 Outline of Dissertation 
The topics covered in the remaining chapters of this dissertation include: 
- Chapter 2 reviews the literature related to this research study. Different types 
of passive damping systems are reviewed with more focus on viscoelastic, 
elastomeric and the 1st generation pre-compressed elastomeric dampers.  
- Chapter 3 introduces a 2nd generation pre-compressed elastomeric damper; 
designed and manufactured to overcome the shortcomings of the 1st 
generation pre-compressed elastomeric damper. This chapter describes the 
components of this new damper and the modifications compared with the 1st 
generation pre-compressed damper. Chapter 3 includes results of 
characterization tests performed on the 2nd generation pre-compressed 
elastomeric damper to investigate its behavior and dependence of 
mechanical properties on deformation amplitude, excitation frequency, and 
ambient temperature.    
- Chapter 4 introduces a 3rd generation pre-compressed elastomeric damper; 
designed and manufactured to overcome the shortcomings of the 2nd 
generation pre-compressed elastomeric damper. This chapter describes the 
modifications compared to the 2nd generation pre-compressed damper, and 
includes characterization test results.    
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- Chapter 5 reviews the analytical linear viscoelastic, equivalent viscoelastic, 
equivalent elastic-viscous and simplified elastic-viscous damper-frame 
system models, and the design-analysis procedures mostly developed by Fan 
(1998) and Lee (2003) for design and analysis of frame systems with 
viscoelastic and elastomeric dampers. The effect of flexibility of structural 
members, other than diagonal braces in braced frames with dampers, on 
behavior of a structure with elastomeric dampers is investigated; and the 
analytical models proposed by Fan (1998) and Lee (2003) are generalized to 
include these effects. 
- Chapter 6 applies the SDP to design two steel moment resisting frame 
(MRF) structures with the 3rd generation pre-compressed elastomeric 
dampers. The MRFs were built at a 0.6 scale, and were used in experimental 
studies presented in Chapter 9. The MRFs are designed to resist 100% and 
75% of the design base shear specified by ASCE7-10 (2010) without 
satisfying the ASCE7-10 drift limit. A target drift limit is satisfied by adding 
the elastomeric dampers to the MRFs.  
-  Chapter 7 presents a nonlinear rate-dependent hysteretic model that was 
developed for the 3rd generation pre-compressed elastomeric damper. The 
model is calibrated using characterization and RTHS test data; and is 
incorporated into the OpenSees computer program, to be used in NDTHA of 
structures with elastomeric dampers. 
- Chapter 8 investigates the effectiveness of the 3rd generation pre-compressed 
elastomeric dampers in improving the seismic performance of steel MRF 
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systems. The structures designed in Chapter 6 were modeled in OpenSees 
and NDTHA was performed at the frequently occurring earthquake (FOE), 
design basis earthquake (DBE), and maximum considered earthquake 
(MCE) seismic hazard levels. The performance of the designed structures at 
the different hazard levels is evaluated using recommendations of FEMA 
356 (2000).   
- Chapter 9 presents the RTHSs that were performed on the structures 
designed in Chapter 6 in order to experimentally validate the SDP and 
NDTHA predictions of the system; as well as the response prediction 
capacities of the finite element models developed for the designed structures 
with the dampers. 
- Chapter 10 provides a summary and conclusions of the research presented 
in this dissertation, and provides recommendations for future studies. 
 
 
 
 
 
 
 
 
 
8 
 
Chapter 2. Background 
2.1 General 
This chapter provides background information relevant to this research study. A 
history of seismic design is presented, followed by an introduction of seismic protective 
systems, and passive energy dissipation system, specifically elastomeric dampers.   
2.2 History of Seismic Design Codes 
An earthquake is associated with the phenomena of fault rupture, which releases 
strain energy stored inside the earth’s crust. This energy release creates vibratory waves 
propagating through the earth’s surface and causes ground shaking. This ground shaking 
excites structures. The severity of the excitation depends on several parameters such as 
the magnitude of the earthquake at the source, the source-to-site distance, fault type and 
soil conditions. Seismic design includes strategies to predict severity of earthquakes and 
earthquake effects on structures at a site and economical structural design to minimize 
the damage (Dhakal, 2011).  
The first seismic design code was prepared by an Italian commission following 
the 1908 Messina-Reggio earthquake, which killed 160,000 people in Sicily and 
Calabria, southern Italy (FEMA 313, 1998). The first steps towards seismic design in 
the United States were taken after the 1906 San Francisco earthquake by the 
Seismological Society of America in 1910. Three issues were defined that need 
consideration including the phenomenon of earthquake, the resulting ground motions, 
and their effect on structures (Dhakal, 2011).  The earliest seismic design 
recommendations in the United States was developed after the 1925 Santa Barbara 
earthquake as an appendix to the 1927 Uniform Building Code (UBC). The 1933 Long 
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Beach earthquake heavily damaged and collapsed 80% of unreinforced buildings and 
75% percent of schools. This led to prohibitions of using unreinforced masonry 
construction and enacting of the Field Act and Riley Act to mandate seismic design and 
supervision for schools and public buildings in California (FEMA 313, 1998; Johnson, 
et al., 2009). The first national seismic hazard map was published in the UBC in 1949. 
In 1959 the Structural Engineers Association of California (SEAOC) published the 
“Recommended Lateral Force Requirements and Commentary”. These provisions were 
included in the UBC in 1961 for the first time (FEMA 313, 1998).  
Until the 1960s, seismic design provisos were based on allowable stress design. 
Ultimate strength design started to evolve in the 1950s and was used in design codes in 
the late 1960s. Beginning in the 1970s, the concept of ultimate strength design started 
to be considered in seismic design standards (Dhakal, 2011). The 1971 San Fernando 
earthquake caused numerous changes to be made in the 1973 and 1976 UBC standards 
(Johnson, et al., 2009). During this earthquake several hospitals and emergency centers 
were damaged and didn’t remain operational. This raised the concern that important 
structures should be designed to remain operational following an earthquake and 
exposed ideas about performance based design (Hamburger, et al., 2011). The US 
federal government involvement expanded in the 1970s when the National Science 
Foundation (NSF) funded a project under guidance of the National Bureau of Standards 
(NBS) to evaluate earthquake design provisions. In 1974 the NBS contracted the project 
to the Applied Technology Counsel (ATC). In 1978 the ATC published a report entitled 
“Tentative Provisions for Development of Seismic Regulations for Buildings (ATC 3-
06)” which was used by SEAOC and the UBC. In 1977 the National Earthquake 
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Hazards Reduction Program (NEHRP) was established to improve earthquake resistant 
design. In 1979 the Federal Emergency Management Agency (FEMA) was established 
as the federal agency for coordinating NEHRP (FEMA 313, 1998). In the 1980s, 
following a series of earthquakes in California, building owners began to request 
engineers to design new structures or update current structures to achieve a level of 
performance to minimize repair costs (Hamburger, et al., 2011). Several large 
earthquakes during the 1980s and 1990s affected the design codes. The 1985 Mexico 
earthquake resulted in numerous changes to the 1988 UBC such as adoption of response 
spectrum analysis to calculate base shear and restrictions on elaborate. The 1989 Loma 
Prieta earthquake led to new site response coefficients in the 1994 NEHRP and 1997 
UBC. The 1994 Northridge earthquake resulted in revisions on steel connection details.  
In 1997 FEMA 273 “NEHRP Guidelines for the Seismic Rehabilitation of 
Buildings” was published, introducing methods for performance evaluation of existing 
structures. This document was updated and published in 2000 as prestandard FEMA 
356, “Prestandard and Commentary for the Seismic Rehabilitation of Buildings”. 
Another performance-based document, FEMA 310, was published in 1998 entitled 
“Handbook for the Seismic Evaluation of Buildings”. FEMA 310 and FEMA 356 were 
superseded by ASCE 31 “Seismic Evaluation of Existing Buildings”, and ASCE 41 
“Seismic Rehabilitation of Existing Buildings” standards, published in 2003 and 2007, 
respectively (Hamburger, et al., 2011). In 2014, ASCE 41-13 standard “Seismic 
Evaluation and Retrofit of Existing Buildings” combined ASCE 31 and ASCE 41, 
making them both consistent with ASCE 7 (Pekelnicky, 2012). In 2012 FEMA P-58 
“Seismic Performance Assessment of Buildings” was published which is considered as 
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the next generation performance assessment method, characterizing structural 
performance in terms of consequences of earthquake damage (Hamburger, et al., 2011).  
2.3 Seismic Protective Systems 
Conventional seismic resistant systems dissipate earthquake energy through 
inelastic deformation in the structural members. Excessive deformations in such 
systems result in damage of structural and nonstructural members. While this damage 
could be acceptable for most structures, it is undesirable for others. For example some 
important structures need to remain operational after an earthquake to provide post-
earthquake services to the community (structures such as hospitals, police stations, fire 
stations, etc.), or to prevent financial loss due to the need to repair damaged members 
and down time loss. Seismic protective systems including seismic isolation devices, 
passive energy dissipation systems and semi-active and active systems can be used in 
the design of high performance systems. Seismic isolation devices include elastomeric 
bearings, lead rubber bearings, combined elastomeric and sliding bearings, sliding 
friction pendulum systems and sliding bearings with restoring forces. A seismic 
isolation is typically located at the foundation of a structure and leads to a reduction of 
energy dissipation demands in the structural system. Isolators are widely used in 
different parts of the world. The Los Angeles City Hall is the tallest base isolated 
building in the world. Semi active and active systems include active bracing systems, 
active mass dampers, variable stiffness, variable damping systems and smart materials. 
Semi-active and active systems can control motion of a structure through a control 
system that uses an external energy supply. Semi-active control systems use minimal 
external energy and cannot add energy to a structural system. Active and semi active 
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systems are used in several structures in Japan. Passive energy dissipation systems 
include metallic dampers, friction dampers, viscoelastic solid dampers, viscoelastic or 
viscous fluid dampers, tuned mass dampers, tuned liquid dampers and elastomeric 
dampers. Passive dampers are effective in wind resistance, unlike seismic isolators and 
don’t need an external energy supply. (Constantinou, et al., 1998).  
The main focus of this research study is on elastomeric dampers, which is a type 
of passive damper. Therefore, passive dampers and elastomeric dampers in particular 
are explained in more detail in next sections. 
2.4 Passive Dampers 
Passive energy dissipation systems can improve the seismic performance of 
buildings by reducing drift and inelastic deformation demands on the primary lateral 
load resisting systems. In this section different passive dampers such as hysteretic 
systems, fluid dampers, viscoelastic dampers and elastomeric dampers are reviewed.  
2.4.1 Hysteretic Systems 
Hysteretic systems are a type of passive dampers in which energy dissipation is 
independent of the rate of the applied deformation. Hysteretic systems include metallic 
dampers and friction dampers.  
2.4.1.1 Metallic Dampers 
The idea of using supplemental metallic dampers started in 1970s (Kelly, et al., 
1972 and Skinner, et al. 1975). One type of metallic damper, known as a ADAS damper 
(for added damping and stiffness), includes parallel tapered plates made of mild steel as 
shown in Figure 2-1. The dampers are typically installed between a chevron brace and 
the overlaying beam. As a result of this configuration, each plate will be subjected to 
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flexural deformation under lateral loading applied to the frame. The tapered shape of 
the plates creates uniform yielding distribution over the length of the plate and 
maximizes energy dissipation under the design earthquake. (See Figure 2-2) The design 
of structures with metallic dampers is based on an assumed design earthquake at which 
dampers will yield. For earthquakes with intensities less than the assumed design 
intensity, the systems will behave like a braced frame with no energy dissipation 
provided by dampers. 
Whittaker et al. (1991) performed earthquake simulations on a moment resistant 
frame with X-shaped metallic dampers. Experimental results showed that these dampers 
can undergo a large number of yielding reversals and plastic deformation without loss 
of strength or stiffness and with negligible low cycle fatigue effects. Application of X-
shaped metallic dampers led to significant reduction in inter-story deformations and 
shear forces under seismic loading as shown in Figure 2-3.     
Metallic dampers were first used in New Zealand and Japan and more recently 
have been applied in upgrading existing structures in Mexico and USA (Soong, et al., 
2002). In 1991 these dampers were used in the retrofit of the Wells Fargo Bank in San 
Francisco, CA, a two-story non-ductile concrete frame building. This was the first time 
in the United States that energy dissipation devices were used for the seismic upgrade 
of a building. The building was constructed in 1967 and damaged in the 1989 Loma 
Prieta earthquake and was unoccupied since then. (Perry, et al., 1993). Figure 2-4 
compares behavior of the original and upgraded Wells Fargo structures obtained from 
NDTHA.   
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2.4.1.2 Friction Dampers 
Friction dampers dissipate energy through solid friction between two surfaces 
that slide relative to each other. Mayes et al (1975) first investigated the effect of 
frictional damping on response of structures; however it seems that Knightley (1977) 
was the first who considered frictional devices for building applications (Constantinou, 
et al., 1998). Figure 2-5 (a) shows a friction damper designed by Pall, et al. (1982) in 
conjunction with cross-bracing in a framed structure where brake lining pads are utilized 
for the sliding surfaces. Figure 2-5 (b) shows a commercial friction device tested by 
Aiken et al (1990) in which copper alloy friction pads slide along the inner surface of 
the cylindrical steel casting and the required normal force is provided through the action 
of the spring against the inner and the outer wedges.  
Pall, et al. (1982) developed friction dampers using a variety of sliding elements 
with different surface treatment. Contact was maintained between sliding surfaces by 
using pre-tensioned high strength bolts. He performed static and dynamic tests on the 
dampers and concluded that the system containing heavy duty brake lining pads inserted 
between steel pads provides the most consistent and predictable response. Figure 2-6 
shows hysteresis loops of the tested dampers.  
Friction dampers have been used in design and retrofit of structures in the USA 
and Canada An example of these applications is the seismic retrofit of McConnell 
Library of the Concordia University in Montreal (Pall, et al., 1993). 
Design of a structure with friction dampers is based on assumed earthquake 
intensity; as a result, the dampers may not slip at a smaller level of earthquake. Also 
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permanent offsets can occur after an earthquake, since friction dampers restrain the self-
centering of the structure. 
2.4.2 Fluid Dampers 
Fluid dampers were initially used in heavy industry and military equipment. 
Figure 2-7 shows three types of fluid dampers. Figure 2-7 (a) shows a Cylindrical Pot 
Fluid Damper which is patterned directly after a classical dashpot and dissipates energy 
by motion of a piston in a thick highly viscous silicone gel. This type of fluid damper is 
usually used in base isolation (Makris, 1992). A more effective device to be used in the 
super structure is shown in Figure 2-7 (b) and is known as Viscous Damping Wall 
(VDW) (Miyazaki, et al., 1992). In this design a narrow rectangular steel container is 
filled with a viscous fluid and is connected to the lower floor beam and a steel plate is 
connected to the upper floor beam. Under story drift this steel plate moves inside the 
container and creates shear deformation in the fluid (Constantinou, et al., 1998). Figure 
2-7 (c) shows another type of fluid damper called a Orificed Fluid Damper 
(Constantinou, et al., 1993). This system consists of a cylinder which contains 
compressible silicone oil and a stainless steel piston rod with a bronze head. The head 
includes a fluidic control orifice design and an accumulator compensates the change in 
oil volume due to rod positioning. The piston forces the fluid to pass through small 
orifices which leads to high energy dissipation. 
Constantinou. et al. (1993) performed a series of earthquake simulation tests 
using five different earthquake records on a three-story one-quarter scale steel frame 
model shown in Figure 2-8 (a). Comparison of response of the structure without and 
with fluid dampers is presented in Figure 2-8 (b), which shows that the addition of fluid 
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dampers resulted in significant reduction of accelerations, story shear force and story 
drift.  
Fluid dampers have been used in a large number of structures including the San 
Bernardino County Medical Center, close to two major fault lines in 1995 (Soong, et 
al., 2002).  
2.4.3 Viscoelastic Dampers 
Viscoelastic materials are copolymers or glassy materials that dissipate energy 
when subjected to shear deformation (Soong, et al., 2002). Figure 2-9 (a) shows a typical 
VE damper configuration by Cheng, et al. (1992). Viscoelastic dampers are usually 
installed in a frame structure in series with a diagonal brace as shown in Figure 2-9 (b). 
Viscoelastic dampers exhibit both damping and stiffness. Figure 2-9 (c) shows an 
example of stress-strain hysteresis loop of a viscoelastic material. The area enclosed in 
the hysteresis loop is the energy dissipated by the viscoelastic dampers during one cycle 
of oscillation. Unlike the friction dampers and the metallic dampers, these dampers 
dissipate energy under small amplitudes as well as large amplitudes, and are suitable for 
both wind and earthquake applications. The VE damper properties are dependent on 
deformation amplitude, excitation frequency, and ambient temperature.  
The shear stress-strain relationship of viscoelastic materials subjected to 
harmonic excitations can be expressed as shown in Eq. (2-1): 
(𝑡) = 𝐺′. 𝛾0. (sin(𝜔𝑡) + 𝜂 cos(𝜔𝑡)) = 𝐺𝑒𝑞 . 𝛾0. sin⁡(𝜔𝑡 + 𝛿) (2-1) 
where  is shear stress, 𝛾0 is shear strain amplitude, ω is excitation frequency, 𝐺
′ is static 
shear modulus (secant shear modulus), 𝐺𝑒𝑞 is dynamic shear modulus (equivalent shear 
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modulus), 𝜂 is loss factor and δ is shear stress phase lead with respect to shear strain. 
Figure 2-10 shows 𝐺𝑒𝑞 and 𝐺
′ on a shear stress-strain hysteresis loop. 𝜂 and δ are related 
as shown in Eq. (2-2). 
𝜂 = tan⁡(𝛿) (2-2) 
Similarly a simple equivalent linear spring-dashpot model could be calibrated to 
describe the force-deformation hysteretic behavior of a viscoelastic damper, considering 
an appropriate deformation amplitude, excitation frequency, and ambient temperature. 
The model is calibrated by equating the maximum damper force and energy dissipation 
of the equivalent linear model to the maximum damper force and energy dissipation 
developed during a damper test. The equivalent model can be represented with an 
equivalent stiffness (dynamic stiffness), 𝑘𝑒𝑞, and a loss factor, 𝜂.⁡𝑘𝑒𝑞 is illustrated in 
Figure 2-11, and is associated with the maximum magnitude of damper force 𝐹𝑑𝑚𝑎𝑥  and 
𝐹𝑑𝑚𝑖𝑛 , as well as the maximum amplitude of damper deformation, 𝑢𝑑𝑚𝑎𝑥  and 𝑢𝑑𝑚𝑖𝑛 :  
 
𝑘𝑒𝑞 =
|𝐹𝑑𝑚𝑎𝑥 − 𝐹𝑑𝑚𝑖𝑛|
|𝑢𝑑𝑚𝑎𝑥 − 𝑢𝑑𝑚𝑖𝑛|
 (2-3) 
The loss factor η is associated with the energy dissipation of the damper and is 
defined as:  
 
𝜂 =
1
2𝜋
𝐸𝐷
𝐸𝑆
 (2-4) 
In Eq. (2-4) ED is the dissipated energy and ES is the strain energy associated with one 
cycle of deformation. 𝐸𝑆 is proportional to the damper secant stiffness (static stiffness), 
𝑘′, as defined by Eq. (2-5): 
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𝐸𝑆 =
1
2
. 𝑘′. (
𝑢𝑑𝑚𝑎𝑥 − 𝑢𝑑𝑚𝑖𝑛
2
)
2
 (2-5) 
𝑘′ is related to 𝑘𝑒𝑞 and 𝜂 as follows: 
 
𝑘′ =
𝑘𝑒𝑞
√1 + 𝜂2
 (2-6) 
By combining Eq. (2-6), Eq. (2-5), and Eq. (2-4), δ can be calculated as follows: 
 
sin(𝛿) =
𝐸𝐷
𝜋. 𝑘𝑒𝑞 . (
𝑢𝑑𝑚𝑎𝑥 − 𝑢𝑑𝑚𝑖𝑛
2 )
2
 (2-7) 
and consequently 𝜂 can be found using Eq. (2-2).   
Table 2-1 shows a summary of properties of a typical viscoelastic damper 
characterized by a set of harmonic tests with different strain amplitudes, excitation 
frequencies and ambient temperatures (Chang, et al., 1993). As shown in Table 2-1, 
damper properties highly depend on ambient temperature. Damper stiffness at ambient 
temperature of 96.8 °F is about 42% of the damper stiffness at an ambient temperature 
of 75.2 °F at a strain amplitude of 20% and excitation frequency of 1.0 Hz.  
Analytical studies performed by Fan (1998) on non-ductile reinforced concrete 
frame buildings retrofitted using viscoelastic dampers showed that the dependence of 
viscoelastic damper properties on temperature prevents ideal earthquake resistance in a 
practical temperature range. A frame with viscoelastic dampers that performs well in 
high temperatures develops large member forces at low temperatures; and a frame which 
performs well with viscoelastic dampers in low temperatures will have excessive drift 
and base shear at higher temperatures. It was concluded that a damping material with 
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less sensitivity to temperature, as well as less energy dissipating capacity, would be 
more suitable for use in damper construction. (Fan, 1998). 
2.4.4 Elastomeric Dampers 
Elastomeric materials are polymer materials composed of natural or synthetic 
rubber which can undergo large shear strains without damage. Properties of elastomeric 
materials, unlike viscoelastic materials, are modestly dependent on ambient temperature 
and excitation frequency.   
Lee (2003) characterized an ultra-high damping natural rubber (UHDNR) 
supplied by Malaysian Rubber Board (See Figure 2-12) using sinusoidal deformation 
histories with amplitudes in the range of 20% to100% strain, ambient temperatures of 
32 °F, 50 °F, 68 °F, 86 °F and 104 °F and excitation frequencies of 0.5 Hz, 0.75 Hz, 1.0 
Hz and 1.5 Hz. He found that compared to ISD-110 viscoelastic material, the UHDNR 
has lower energy dissipation capacity; however, it shows less dependence on ambient 
temperature and loading frequency. Figure 2-13 shows typical hysteresis loops of 
UHDNR material. Figure 2-14 and Figure 2-15 show dependence of UHDNR damper 
mechanical properties on shear strain amplitude, ambient temperature and excitation 
frequency. The damper is more sensitive to ambient temperature in the range of 0 to 32 
°F. 
A simplified design procedure (SDP), explained in Section 5.4, was developed 
for the seismic design and analysis of structures with viscoelastic and elastomeric 
dampers by Lee, et al. (2005). Lee (2003) retrofitted steel and concrete structures with 
SDP, using three damping materials (ISD-110 and KRATON 107 viscoelastic materials, 
and UHDNR elastomeric material). NDTHA results showed that SDP provides good 
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estimates of response of structures. The UHDNR damping material was more effective 
than the ISD-110 when a range of design temperatures were considered. The ISD-110 
damped system outperformed the UHDNR damped system at 86 °F, however it has 
large column axial force demands at the lower temperatures, such as at 50 °F, due 
significantly increased damper stiffness. The behavior of the UHDNR damped systems 
is less sensitive to temperature, and story drifts decrease and column axial forces 
increase by about 10% when the temperature decreases from 86 °F to 32 °F. 
To improve energy dissipation of elastomeric dampers, a 1st generation pre 
compressed elastomeric damper, called the Ultra High Damped Elastomer Tube 
(UHDET) was designed and manufactured (Kontopanos, 2006) at a 0.5 scale. The 
damper used an elastomeric butyl blend polymer compound with an approximate loss 
factor of 0.4. Figure 2-16 illustrates the damper components and assembly process. Each 
UHDET consists of three 10 in long HSS steel sections, each containing a 21 in long 
longitudinal steel bar with a cross section of 1.0in x 2.0in. The steel bars are wrapped 
in four pieces of the elastomeric material. The elastomeric material is bonded to the 
longitudinal bars; and the longitudinal bars and elastomeric material together are pre-
compressed into HSS3.5x3.5x1/4. The pre-compression of the elastomer is about 12% 
and significantly reduces oxidation and degradation effects. A damper includes a pair 
of UHDETs (Figure 2-17). The interface between the elastomer and steel tube is not 
bonded which allows the elastomer to slip relative to the tube wall when the shear force 
in the elastomer becomes larger than the static frictional force between the elastomer 
and tube wall. This slip results in frictional behavior in the damper at relatively larger 
deformations. Damper slip occurs at a deformation amplitude around 0.8 in which 
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corresponds to 70% shear strain amplitude. Figure 2-18 shows damper mechanical 
properties. As shown in Figure 2-18, the damper equivalent stiffness 𝑘𝑒𝑞 is modestly 
dependent on excitation frequency. The loss factor 𝜂 significantly increases after the 
slip between the elastomeric material and the tube wall occurs.  
A rate dependent hysteretic model for the UHDET damper was developed by 
Karavasilis, et al. (2012) using a modified Bouc-Wen model (Wen, 1976) in parallel 
with a nonlinear dashpot. Figure 2-19 shows a comparison of the experimental response 
and the analytical predicted UHDET damper hysteresis loops. Karavasilis et al (2012) 
designed several steel moment resistant frames (MRFs) with elastomeric dampers using 
the SDP and assessed the seismic performance of designed structures with NDTHA. 
Analysis results showed that using UHDET dampers can significantly improve the 
seismic performance of MRF structures and that MRFs can be designed for less than 
the design base shear specified by current design specifications without experiencing 
noticeable performance change.  
The 1st generation pre-compressed elastomeric damper provides good energy 
dissipation and significantly decreases structural response demands; however, it slips 
and gets damaged during an earthquake. Kontopanos (2006) recommeneded to improve 
the 1st generation pre-compressed elastomeric damper by increasing the damper 
stiffness, increasing the pre-slip deformation amplitude capacity, using a fully bobded 
interface between the elastomer and the longitudinal bars and including a shorter 
elastomer section in comparison to the tube length so that the elastomer does not 
protrude past the tube.  
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2.5 Summary 
This chapter presented a history of seismic design codes and an introduction to 
seismic protective systems and passive energy dissipation systems. Different types of 
passive dampers such as hysteretic systems, fluid dampers, viscoelastic dampers and 
elastomeric dampers were reviewed. Elastomeric dampers have the advantage of modest 
sensitivity to ambient temperatures and excitation frequency; however have less energy 
capacity compared to viscoelastic dampers. A 1st generation pre-compressed 
elastomeric damper was introduced that shows frictional behavior at relatively large 
deformations and provides large energy dissipation capacity; however gets damaged 
during a design earthquake. In next chapter the 2nd generation pre-compressed 
elastomeric damper will be introduced, which is designed to overcome the shortcomings 
of the 1st generation elastomeric damper. 
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Table 2-1. Typical VE damper properties (Chang, et al., 1993) 
Temp. (oF) Freq. (Hz) Shear  
strain (%) 
𝑘′(
𝑖𝑏
𝑖𝑛
) 
𝐺′(𝑝𝑠𝑖) 𝜂 
75.2 1.0 5 2124 142 1.36 
75.2 1.0 20 2082 139 1.38 
75.2 3.0 5 4084 272 1.19 
75.2 3.0 20 3840 256 1.2 
96.8 1.0 5 880 59 1.13 
96.8 1.0 20 873 58 1.12 
96.8 3.0 5 1626 108 1.1 
96.8 3.0 20 1542 103 1.09 
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Figure 2-1. An X-shaped metallic damper (CounterQuake Corporation) 
 
Figure 2-2. Steel plate energy absorbers (Scholl, 1988) 
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(a) ADAS test structure (all dimensions in inches) 
 
(b) Response parameters for 1985 Chile N10E record 
 
(c) ADAS damper hysteresis loops 
Figure 2-3. Experimental study of a steel structure with metallic dampers (Whittaker, et 
al., 1991) 
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Figure 2-4. Comparison of behavior of original and upgraded Wells Fargo structure: 
envelope of response values (Perry, et al., 1993) 
 
(a) X-braced friction damper (Pall and Marsh 1982) 
 
(b) Uniaxial friction damper (Aiken and Kelly 1990) 
Figure 2-5. Examples of friction dampers 
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                        (a) Mill scale                                                      (b) Sand blasted 
 
             (c) Inorganic Zinc-rich paint                                         (d) Metalized 
 
                   (e) Brake lining pads                                          (f) Polyethylene coating 
Figure 2-6. Hysteretic loops of limited slip bolted joints with different wearing surface 
material (Pall, et al. 1982) 
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(a) Cylindrical pot fluid damper 
 
(b) Viscous damping wall 
 
(c) Oricified fluid damper 
Figure 2-7. Viscous fluid dampers (Constantinou, et al., 1998) 
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(a) Damper configuration 
 
(b) Experimental results 
Figure 2-8. Experimental study of a steel structure with fluid dampers (Constantinou , 
et al., 1993) 
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(a) A typical viscoelastic damper (Chang, et al., 1992) 
 
(b) Installation of viscoelastic dampers in a steel framed system (Aiken, et al., 1992) 
 
(c) A typical stress-strain relationship of viscoelastic material (Chang, et al., 1992) 
Figure 2-9. Viscoelastic dampers 
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Figure 2-10. Mechanical properties of viscoelastic materials 
 
Figure 2-11. Illustration of the definition of damper equivalent stiffness, 𝑘𝑒𝑞 
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Figure 2-12. UHDNR damper test setup (Lee, 2003) 
 
Figure 2-13. Typical hysteresis loops of UHDNR damper at 68 °F and 0.5 Hz loading 
frequency (Lee, 2003) 
33 
 
  
              (a) Equivalent shear modulus                        (b) Equivalent loss factor 
Figure 2-14. Effect of shear strain amplitude and ambient temperature on UHDNR 
damper mechanical properties at 0.5 Hz excitation frequency (Lee, 2003) 
           
               (a) Equivalent shear modulus                          (b) Equivalent loss factor 
Figure 2-15. Effect of shear strain amplitude and excitation frequency on UHDNR 
damper mechanical properties (Lee, 2003) 
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(a) Elastomeric material and longitudinal 
bar prior to construction 
(b) Elastomeric material wrapped around 
longitudinal bar 
     
(c) Steel tubes with elastomer and 
longitudinal bars in place 
(d) End view of tube 
Figure 2-16. Fabrication of prototype UHDET 1st generation pre-compressed 
elastomeric damper (Kontopanos, 2006) 
               
                                             (a) Plan view                                   (b) Cross section 
Figure 2-17. UHDET 1st generation pre-compressed elastomeric damper geometry 
(Kontopanos, 2006) 
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                (a) Equivalent stiffness                                               (b) Loss factor 
Figure 2-18. UHDET 1st generation pre-compressed elastomeric damper mechanical 
properties at a 0.5 scale (Kontopanos, 2006) 
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                                   (a)                                                              (b) 
 
                                   (c)                                                              (d) 
 
                                   (e)                                                              (f) 
Figure 2-19. Comparison of experimental and analytical UHDET 1st generation pre-
compressed elastomeric damper hysteresis loops (Karavasilis, et al., 2012) 
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Chapter 3. Design, Manufacture and Characterization of a 2nd Generation Pre-
Compressed Elastomeric Damper 
3.1 General 
As mentioned in Chapter 2, the 1st generation pre-compressed elastomeric 
damper (referred to as the “1st generation damper” for brevity) provides good energy 
dissipation and reduces response demands of a structure; however, the elastomer slips 
and becomes damaged during an earthquake. Also, considering that each damper 
includes six tubes, the damper stiffness (compared to its section dimensions) is 
relatively small and it is difficult to fit the required number of dampers into a lateral 
load resisting frame to satisfy the desired performance. Kontopanos (2006) 
recommeneded to improve the 1st generation pre-compressed elastomeric damper by; 
(1) increasing the damper stiffness and (2) increasing the pre-slip deformation amplitude 
capacity. Kontopanos (2006) suggested to use a fully bonded interface between the 
elastomer and the longitudinal bars, and to include a shorter elastomer section in 
comparison to the outer tube length so that the elastomer does not protrude past the tube. 
A 2nd generation pre-compressed elastomeric damper (referred to as the “2nd generation 
damper” for brevity) was designed to overcome the shortcomings of the 1st generation 
damper. This chapter describes the design objectives and behavior of this damper. 
3.2 Introduction to Elastomer Materials 
Table 3-1 shows the list of elastomers produced by Corry Rubber Corporation 
(CRC), who manufactured the elastomer for 1st generation damper (Michael, et al., 
2013). The first column in Table 3-1 shows the Shore durometer of each material. Shore 
durometer is a measure of hardness of a material, where the hardness is defined as the 
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material’s resistance to permanent indentation. There are several scales of durometer 
used for different materials. One of the most common scales is the ASTM D2240 type 
A. The second column in the table shows the elastomer type and the third column the 
compound number. The elastomers listed in Table 3-1 include natural rubber (NR), 
industrial (generic) butyl, and heavily damped (HD) butyl. Natural rubber is a low cost 
naturally occurring Cis-Polyisoprene (long chain polymer) material and Industrial butyl 
is a traditional butyl compound. Butyl rubber is a synthetic rubber produced by 
polymerization of about 98% isobutylene with about 2% of isoprene. Butyl rubber is 
also known as Polyisobutylene, or PIB. It has excellent impermeability, resistance to 
aging and weathering from atmospheric exposure, and inherently high damping. The 
heavily damped butyl compounds are developed to maximize damping by lowering the 
percentage of rubber hydrocarbon (RHC) content compared to traditional industrial 
butyls. Carbon black and oil are typical materials used to lower the RHC (Michael, et 
al., 2013).  
Shear specimens were prepared by Michael, et al. (2013) in accordance with 
ASTM D5992 Standard to investigate the elastomer mechanical properties, including 
𝐺′,  𝐺𝑒𝑞, and 𝜂. Figures 3-1 through 3-5 show these mechanical properties for NR 50A, 
industrial butyl 50A, HD butyl 40A, HD butyl 50A and HD butyl 60A, respectively, at 
different strain amplitudes and frequencies (Michael, et al., 2013). Figure 3-6 compares 
the mechanical properties of these materials at the frequency and temperature of 1.0 Hz 
and 68 °F, respectively. As shown in Figure 3-6 (c), Butyl compounds have much higher 
damping compared to natural rubber and HD butyl compounds have a higher damping 
(i.e. a higher loss factor η) compared with industrial butyl compounds. HD butyl 40A is 
39 
 
noticeably softer than the other materials (Figure 3-6 (a) and (b)), while HD butyl 50A 
is about as stiff as industrial butyl 50A for strain amplitudes of 25% and larger and has 
the advantage of high damping (Figure 3-6 (c)). HD butyl 60A is about 17% stiffer than 
HD butyl 50A, with about the same loss factor (3% larger). A comparison of the 
mechanical properties of the different elastomer types shows that HD butyl 50A and 
HD butyl 60A have a high stiffness and energy dissipation capacity relative to other 
elastomers and are more ideal option to be used in damper construction. HD butyl 50A 
was the material used in the 1st generation damper, and was also chosen as the elastomer 
material for the 2nd generation damper.  
3.3 Damper Design and Description 
The 2nd generation damper was designed and manufactured at 0.6-scale by 
collaborating with the Mechanical Engineering Technology Department at Penn State 
Erie, the Behrend College (Michael, et al., 2013) and Corry Rubber Corporation (Corry 
Rubber, 2014). Figure 3-7 (a) shows components of the damper consisting of an inner 
steel tube, outer steel tube, thin and thick layers of elastomeric material and thin steel 
plates. The thin and thick elastomer layers are bonded during the curing (vulcanization) 
process to the inner steel tube, and, at the same time, the thick elastomer layers are 
bonded to the steel plates to form the inner assembly. The inner assembly is then pre-
compressed into the outer steel tube. One damper consists of two tubes welded together 
side by side, as shown in Figure 3-7 (b). The thin steel plates are bolted to the outer tube 
to prevent slip of the thick elastomer layers relative to the outer tube. The thin elastomer 
layers slip relative to the outer tube when the shear force exceeds the static frictional 
resistance between this layer and the inside surface of the outer tube. 
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Figure 3-8 shows the damper dimensions and geometry. HSS3x1.5x0.25 and 
HSS5x5x0.25 sections were used for the inner and outer tubes, respectively, along with 
3.5x0.125 steel plates. The target pre-compression of the thin and thick layers is 5% and 
11% of their thickness, respectively. The shear strain in the thick elastomer layers is set 
to be below 100% for a high performance structure with 1.5% target drift under a median 
DBE to prevent slip in the thick elastomer layers subjected to such an earthquake. The 
outer tube extends by 3.38 in at the ends of the elastomer to prevent the elastomer layers 
from protruding out under a median MCE.  
A group of dampers can be installed in a steel frame as shown in Figure 3-9, 
where the inner tubes are connected to the floor beam and the outer tubes are welded to 
gusset plates to transfer the diagonal brace force through the dampers and enable the 
elastomer material between the tubes to develop shear deformations. 
3.4 Characterization Tests 
3.4.1 Test Setup and Test Matrix 
Characterization tests of the damper were conducted at the Network of 
Earthquake Engineering Simulation (NEES) Real Time Multi Directional (RTMD) 
facility located at Lehigh University (NEES@Lehigh, 2013). The test setup is shown in 
Figure 3-10 and 3-11. An actuator with 2300 kN (517 kips) load capacity and 840 
mm/sec (33 in/s) maximum velocity is used to apply a predefined deformation history 
to the damper. The damper is connected to a stiff damper support beam which is bolted 
to the laboratory strong floor. The damper support beam has shear keys to prevent 
movement between the beam and the strong floor. To control the ambient temperature 
surrounding the damper, a chamber that enclosed the damper was constructed and 
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connected to an air conditioning unit. The enclosure and unit are referred to as the 
controlled temperature chamber and is shown in Figure 3-12. 
Previous experience has shown that elastomeric damper properties depend on 
applied deformation amplitude, frequency, and ambient temperature (Lee, et al., 2005). 
To quantify these dependencies, tests were conducted with different deformation 
amplitudes, frequencies and temperatures. Harmonic deformation histories with 
amplitudes of 0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3.0 and 4.0 in were applied to a damper 
at frequencies of 0.1, 0.5, 1.0, 2.0 and 3.0 Hz. To investigate the effect of temperature, 
the harmonic deformation histories at these amplitudes were applied to the damper at a 
frequency of 1.0 Hz and ambient temperatures of 50, 68, and 86 °F. Table 3-2 shows 
the characterization test matrix. Tests 1-35 were performed to investigate the effect of 
deformation amplitude (up to 2.0 in) and frequency at a constant ambient temperature 
of 68 °F. After that, tests 36-56 were performed at deformation amplitudes up to 2.0 in, 
constant frequency of 1.0 Hz, and ambient temperatures of 50, 68 and 86 °F, to 
investigate sensitivity of damper behavior to ambient temperature. In the next phase, 
tests 57-66 were performed to investigate the effect of ambient temperature and 
excitation frequency on damper behavior at deformation amplitudes of 3.0 and 4.0 in. 
Each damper deformation time history includes a total of 12 cycles, where the first 2 
cycles and the last 3 cycles are used to ramp up and ramp down the deformation 
amplitude, respectively. The other 7 cycles are called the “full cycles”. Figure 3-13 
shows an example of an applied deformation time history with an amplitude and 
frequency of 1.0 in and 1.0 Hz, respectively. 
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3.4.2 Instrumentation 
Figure 3-14 shows linear variable differential transformers (LVDTs), load cells 
(LCs) and full bridges (FBs) used in the characterization tests to measure damper 
response. Two-0.5 in LVDTS were used to measure damper deformation in the tests 
with 0.1 and 0.25 in deformation amplitudes. Four-2 in LVDTs were used to measure 
damper deformation for tests with 0.5 to 1.5 in deformation amplitude and to investigate 
whether the damper experiences bending and torsional deformations. Two-10 in LVDTs 
were used for tests with 3.0 and 4.0 in deformation amplitudes. Three LVDTs were used 
to check if there is any lateral displacement in the test setup. A load cell was used to 
measure the damper force. Two full bridges were used to measure the developed force 
in each individual tube. Five thermocouples (TCs) were used to measure the temperature 
of the thick elastomer layer (TC1), thin elastomer layer (TC2), outer tube surface in 
contact with the thick elastomer (TC3), outer tube surface in contact with the thin 
elastomer layer (TC4), layer and ambient temperature (TC5). Figure 3-15 shows the 
thermocouples installed in test setup. The instruments used in the characterization tests 
are listed in Table 3-3.  
3.4.3 Test Results 
Figure 3-16 shows the last full cycle hysteresis loops of tests with deformation 
amplitudes between 0.1 and 4.0 in, frequency of 1.0 Hz and ambient temperature of 68 
°F. The hysteretic response shows a softening behavior in the deformation amplitude 
range of 0.1 to 1.5 in. At a deformation amplitude of about 2.0 in the response develops 
a slight hardening behavior. In the deformation amplitude range of 3.0 to 4.0 in the 
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response is dominated by hardening behavior of the thick layers, with noticeable 
stiffness degradation.  
Figure 3-17 through 3-25 show the damper force-deformation hysteresis loops 
at an ambient temperature of 68 °F for different deformation amplitudes and excitation 
frequencies. The damper experiences higher force and energy dissipation when 
subjected to a higher excitation frequency. Figure 3-26 through 3-34 show the 
sensitivity of the damper behavior to ambient temperature. The damper shows a larger 
maximum force and broader hysteresis loops as the temperature decreases.  
3.5 Damper Mechanical Properties 
A simple equivalent linear spring-dashpot model that is calibrated for the 
appropriate deformation amplitude, frequency, and ambient temperature, is used to 
determine the design demands in the SDP that is discussed in Section 5.4. The model is 
calibrated by equating the maximum damper force and energy dissipation of the 
equivalent linear model to the maximum damper force and energy dissipation of the last 
full cycle of a damper test. The equivalent model can be represented with an equivalent 
stiffness, 𝑘𝑒𝑞, and a loss factor, 𝜂, as described in Chapter 2.  
The effect of excitation frequency and amplitude on 𝑘′, 𝑘𝑒𝑞 and η are shown in 
Figure 3-35. The results shown in this figure are from characterization tests with an 
ambient temperature 68 °F. As shown in Figure 3-35, the damper stiffness decreases as 
the deformation amplitude increases and it is more sensitive to frequency at the smaller 
deformation amplitudes. As shown in Figure 3-35 (b) the loss factor at most frequencies 
slightly decreases up to a deformation amplitude of 0.5 in. Slip of the thin elastomer 
layers increases the loss factor after 0.5 in deformation amplitude occurs up to a 
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deformation amplitude of 1.5 in. As the damper starts to show hardening behavior at 
amplitudes greater than 1.5 in, the loss factor decreases.  
The effect of ambient temperature on damper mechanical properties is shown in 
Figure 3-36.In overall the damper equivalent 𝑘𝑒𝑞 and static stiffness 𝑘
′ are not highly 
dependent on excitation frequency or ambient temperature (See Figure 3-35 (a) and 
Figure 3-36 (a)), which prevents large forces from developing in structural members at 
low temperatures or high frequencies. At a deformation amplitude of 1.0 in, the damper 
is 13% stiffer (static stiffness) when subjected to an excitation frequency of 3.0 Hz 
compared to an excitation frequency of 0.1 Hz (See Figure 3-35 (a)) and 7% stiffer at 
an ambient temperature of 50 °F compared to  an ambient temperature of 86 °F (See 
Figure 3-36 (a)). However, the loss factor is more dependent on excitation frequency 
and ambient temperature. At the same deformation amplitude, the loss factor is 36% 
larger at an excitation frequency of 3.0 Hz compared with an excitation frequency of 
0.1 Hz (See Figure 3-35 (b)) and 39% greater at an ambient temperature of 50 °F, than 
an ambient temperature of 86 °F (See Figure 3-36 (b)). 
Figure 3-37 compares the experimental and the equivalent spring-dashpot model 
hysteresis loops at an excitation frequency of 1.0 Hz and an ambient temperature of 68 
°F. The model captures the damper behavior well at the smaller deformation amplitudes, 
where the damper shows a viscoelastic behavior; however, it is less accurate at the larger 
deformation amplitudes, where the damper shows more elastomeric (hardening) 
behavior.  
The test results shown in Figure 3-35 (b) and Figure 3-36 (b) reveal that the 
damper loss factor η drops significantly at deformation amplitudes greater than 1.5 in. 
45 
 
At deformation amplitudes greater than 1.5 in, the trend of damper loss factor versus 
deformation amplitude shown in Figure 3-35 (b) is similar to the trend of loss factor of 
HD butyl 50A elastomeric material versus deformation amplitude shown in Figure 3-4 
(b). This similarity between the damper behavior and elastomeric material behavior 
shows insuffieicnt contribution of the thin elastomeric layer and consequently 
inadequecy of friction capacity in the damper to improve the energy dissipation 
capacity. The target pre-compression of the elastomer layers was not achieved, due to 
elastomer shrinkage and the difference between the nominal and actual steel tube 
dimension; which lead to a smaller contribution of the thin elastomer layer to the damper 
behavior and subsequently inadequate damper stiffness and energy dissipation capacity.  
3.6 Summary 
A 2nd generation pre-compressed elastomeric damper was designed to overcome 
the shortcoming of the 1st generation pre-compressed elastomeric damper. The damper 
consists of two inner steel tubes, two outer steel tubes, thin and thick layers of 
elastomeric material, and thin steel plates. The thin and thick layers of elastomer are 
bonded to the inner tubes and the thick elastomer layer is bonded to the thin steel plates 
to form the inner assembly. The inner assembly is then pre-compressed into the outer 
tubes. The target pre-compression force on the thin and thick elastomer layers is 5 and 
12%, respectively. The thick elastomer layers are bonded to the steel plates which are 
bolted to the outer tubes and do not slip under the demand from a median DBE 
earthquake. The damper was characterized at the NEES RTMD Facility at Lehigh 
University at different deformation amplitudes, excitation frequencies and ambient 
temperatures. The damper properties such as equivalent stiffness and loss factor were 
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determined. The damper loss factor showed more dependence on excitation frequency 
and ambient temperature than the damper stiffness. Characterization tests data revealed 
that the thin elastomer layers had a small contribution to the damper behavior and the 
damper did not provide enough energy dissipation capacity.      
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Table 3-1. Elastomers produced by CRC and used in fabrication of seismic isolators 
Durometer 
(A) 
Elastomer Type CRC Compound 
No. 
50/45 NR 50A, natural rubber (Polyisoprene) M-350-40 
50/45 Industrial (generic) butyl 50A M-660-1 
45/40 HD butyl 40A, heavily damped butyl M-650-14 
55/50 HD butyl 50A, heavily damped butyl M-640-5 
65/60 HD butyl 60A, heavily damped butyl M-660-7 
 
Table 3-2. Characterization test matrix for 2nd generation damper 
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Table 3-3. Characterization test instrumentation list 
Instrument 
name 
Instrument type Range Measurement Location 
LVDT 1 LVDT  0.5 in damper 
deformation 
East tube 
LVDT 2 LVDT 0.5 in damper 
deformation 
West tube 
LVDT 3 LVDT 2.0 in damper 
deformation 
East tube, top 
side 
LVDT 4 LVDT 2.0 in damper 
deformation 
West tube, top 
side 
LVDT 5 LVDT 2.0 in damper 
deformation 
East tube, 
bottom side 
LVDT 6 LVDT 2.0 in damper 
deformation 
West tube, 
bottom side 
LVDT 7 LVDT 10.0 in damper 
deformation 
East tube 
LVDT 8 LVDT 10.0 in damper 
deformation 
West tube 
LVDT 9 LVDT 1.0 in Load cell 
lateral 
displacement 
 
- 
LVDT 10 LVDT 0.25 in Outer tube 
lateral 
displacement 
Outer tube 
LVDT 11 LVDT 0.25 in Outer tube 
lateral 
displacement 
Outer tube 
LC 1 Load cell 150 kips Damper force - 
FB 1 Full bridge 100 kips East tube 
force 
East tube 
FB 2 Full bridge 100 kips West tube 
force 
West tube 
TC 1 Thermocouple -4 to 1112 
°F   
Elastomer 
temperature 
East tube, 
thick elastomer 
TC 2 Thermocouple -4 to 1112 
°F   
Elastomer 
temperature 
East tube, thin 
elastomer 
TC 3 Thermocouple -4 to 1112 
°F   
Outer tube 
temperature 
Outer tube 
surface 
TC 4 Thermocouple -4 to 1112 
°F   
Outer tube 
temperature 
Outer tube 
surface 
TC 5 Thermocouple -4 to 1112 
°F   
Ambinet 
temperature 
- 
 
49 
 
 
(a) Static shear modulus 
   
(b) Equivalent shear modulus 
 
(c) Loss factor 
Figure 3-1. Effect of deformation amplitude and frequency on mechanical properties of 
NR 50A, temperature=68 °F 
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(a) Static shear modulus 
   
(b) Equivalent shear modulus 
 
(c) Loss factor 
Figure 3-2. Effect of deformation amplitude and frequency on mechanical properties of 
industrial butyl 50A, temperature=68 °F 
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(a) Static shear modulus 
   
(b) Equivalent shear modulus 
 
(c) Loss factor 
Figure 3-3. Effect of deformation amplitude and frequency on mechanical properties of 
HD butyl 40A, temperature=68 °F 
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(a) Static shear modulus 
    
(b) Equivalent shear modulus 
 
(c) Loss factor 
Figure 3-4. Effect of deformation amplitude and frequency on mechanical properties of 
HD butyl 50A, temperature=68 °F 
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(a) Static shear modulus 
   
(b) Equivalent shear modulus 
 
(c) Loss factor 
Figure 3-5. Effect of deformation amplitude and frequency on mechanical properties of 
HD butyl 60A, temperature=68 °F 
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(a) Static shear modulus 
   
(b) Equivalent shear modulus 
 
(c) Loss factor 
Figure 3-6. Comparison of mechanical properties of different elastomer materials at 
frequency of 1.0 Hz  
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                 (a) Damper components                                    (b) One damper 
Figure 3-7. 2nd generation damper 
 
Figure 3-8. Damper geometry  
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Figure 3-9. Damper placed in a steel frame (3 dampers on each side) 
 
Figure 3-10. Schematic of the 2nd generation damper in test setup 
 
Figure 3-11. 2nd generation damper in test setup 
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Figure 3-12. Controlled temperature chamber 
 
Figure 3-13. Applied deformation time history 
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(a) Elevation view 
 
(b) Plan view 
Figure 3-14. Characterization test instrumentation  
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(a) Cross section view 
 
(b) Plan view 
Figure 3-15. Characterization test thermocouples  
 
Figure 3-16. 2nd generation damper selected cycle hysteresis loops, tests with amplitudes 
of 0.1 to 4.0 in, frequency=1.0 Hz, temperature=68 °F 
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Figure 3-17. Damper force-deformation hysteresis loops, amplitude=0.1 in, 
temperature=68 °F 
 
Figure 3-18. Damper force-deformation hysteresis loops, amplitude=0.25 in, 
temperature=68 °F 
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Figure 3-19. Damper force-deformation hysteresis loops, amplitude=0.5 in, 
temperature=68 °F 
 
Figure 3-20. Damper force-deformation hysteresis loops, amplitude=0.75 in, 
temperature=68 °F 
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Figure 3-21. Damper force-deformation hysteresis loops, amplitude=1.0 in, 
temperature=68 °F 
 
Figure 3-22. Damper force-deformation hysteresis loops, amplitude=1.5 in, 
temperature=68 °F 
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Figure 3-23. Damper force-deformation hysteresis loops, amplitude=2.0 in, 
temperature=68 °F 
 
Figure 3-24. Damper force-deformation hysteresis loops, amplitude=3.0 in, 
temperature=68 °F 
 
Figure 3-25. Damper force-deformation hysteresis loops, amplitude=4.0 in, 
temperature=68 °F 
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Figure 3-26. Damper force-deformation hysteresis loops, amplitude=0.1 in, 
frequency=1.0 Hz 
 
Figure 3-27. Damper force-deformation hysteresis loops, amplitude=0.25 in, 
frequency=1.0 Hz 
 
Figure 3-28. Damper force-deformation hysteresis loops, amplitude=0.5 in, 
frequency=1.0 Hz 
 
Figure 3-29. Damper force-deformation hysteresis loops, amplitude=0.75 in, 
frequency=1.0 Hz 
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Figure 3-30. Damper force-deformation hysteresis loops, amplitude=1.0 in, 
frequency=1.0 Hz 
 
Figure 3-31. Damper force-deformation hysteresis loops, amplitude=1.5 in, 
frequency=1.0 Hz 
 
Figure 3-32. Damper force-deformation hysteresis loops, amplitude=2.0 in, 
frequency=1.0 Hz 
 
Figure 3-33. Damper force-deformation hysteresis loops, amplitude=3.0 in, 
frequency=1.0 Hz 
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Figure 3-34. Damper force-deformation hysteresis loops, amplitude=4.0 in, 
frequency=1.0 Hz 
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(a) Secant stiffness 
   
(b) Equivalent stiffness 
 
(c) Loss factor 
Figure 3-35. Effect of deformation amplitude and frequency on damper mechanical 
properties at temperature=68 °F 
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(a) Secant stiffness 
   
(b) Equivalent stiffness 
 
(c) Loss factor 
Figure 3-36. Effect of ambient temperature on damper mechanical properties at 
frequency=1.0 Hz  
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Figure 3-37. Comparison of experimental and equivalent linear spring-dashpot model 
hysteresis loops, temperature=68 °F, frequency=1.0 Hz 
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Chapter 4. Design, Manufacture and Characterization of a 3rd Generation Pre-
Compressed Elastomeric Damper 
4.1 General 
As mentioned in Chapter 3, the target pre-compression of the elastomer layers 
of the 2nd generation damper was not achieved and lead to a small contribution of the 
thin layers to the damper behavior. To overcome this problem, a 3rd generation pre-
compressed elastomeric damper (referred to as the “3rd generation damper” for brevity) 
was designed. This chapter describes the design and behavior of this damper. 
4.2 Damper Description 
The 3rd generation damper was designed and manufactured at a 0.6 scale, with 
two modifications compared to the 2nd generation damper: 
1- The HSS5x5x1/4 outer tube section was replaced with an HSS5x5x5/16 tube 
section to increase the pre-compression force on the elastomer layers. 
2- The HD butyl 50A elastomeric material was replaced with an HD butyl 60A 
elastomer compound to provide about a 17% additional stiffness. 
4.3 Characterization Tests 
A similar test setup to that for characterization tests of the 2nd generation damper 
was used for characterizing the 3rd generation damper. The test setup is shown in Figure 
3-11. Harmonic deformation histories with amplitudes of 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 
3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 in were applied to a damper at frequencies of 0.1, 0.5, 1.0, 
2.0, and 3 Hz and an ambient temperature of 68 °F. To investigate the effect of ambient 
temperature on the damper behavior, the deformation histories with amplitudes of 0.1, 
0.25, 0.75, 1.0, 1.5, 2.0, 3.0 and 4.0 in were applied to the damper at a 1.0 Hz frequency 
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and ambient temperatures of 50, 68, and 86 °F. Table 3-2 shows the characterization 
test matrix. 
4.4 Instrumentation 
Figure 3-14 shows the LVDTs, load cells and full bridges used in the 
characterization tests. Two-2.0 in LVDTs and two-5.0 in LVDTs were used to measure 
the damper deformation. For tests with deformation amplitudes larger than 5.0 in, the 
actuator tempesonic was used to measure the damper deformation.  Three LVDTs were 
used to check if there was any lateral displacement in the test setup. A load cell was 
used to measure the damper force. Two full bridges were used to measure the force in 
each of the individual tubes. Five thermocouples were used to record the temperature in 
the thick elastomer layer (TC1), the thin elastomer layer (TC2), the outer tube surface 
contacting the thin elastomer layer (TC3 and TC4), and ambient temperature (TC5). 
Figure 4-3 shows the thermocouples installed in the test setup. Table 3-3 shows the 
instrumentation list.  
4.5 Damper Characterization 
The set of test listed in Table 4-3 were selected to describe the damper behavior. 
The set includes the tests with deformation amplitude less than 2.0 in, an ambient 
temperature of 68 °F and an excitation frequency of 1.0 Hz, where the damper 
permanent degradation effect is negligible. The first test performed at each group of 
tests with the same deformation amplitude greater than 2.0 in are presented, where the 
effect of permanent degradation is severe on the subsequent tests. Figure 4-4 shows 
hysteresis loops and Figure 4-5 shows envelope of hysteresis loops of the 
characterization tests listed in Table 4-3. 
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Figure 4-4 shows that the damper exhibits a softening behavior in the 
deformation amplitude range of 0.5 to 1.5 in. At a deformation amplitude of 2.0 in, the 
damper shows a slight hardening behavior. In the deformation amplitude range of 3.0 
to 5.0 in, the damper behavior is dominated by the hardening behavior of the thick 
elastomer layers, with noticeable degradation in strength, which is due to breakage of 
the bond between the thick elastomer layers and the steel plates. The breakage starts at 
the ends of the elastomer, where the thick elastomer layers experience large tensile 
forces at large deformation amplitudes, and propagates to the middle parts. In 
deformation amplitude range of 6.0 to 8.0 in, the bond is completely broken and the 
thick elastomer layers slip against the thin steel plates, upon which the damper exhibits 
only frictional behavior.  
There is no significant damage to the damper for deformation amplitudes less 
than 3.0 in that allows structures with elastomeric dampers to be designed with no 
significant damage to the dampers under both the DBE and MCE. The bond failure 
behavior observed at larger deformations is desirable, because it caps the damper force 
and therefore prevents large forces from developing in structural members adjacent to 
the dampers.  
Figure 3-17 through 4-18show the damper force-deformation hysteresis loops 
for all experiments performed at an ambient temperature of 68 °F. The damper 
experiences modestly higher forces and energy dissipation when subjected to higher 
excitation frequencies and amplitudes up to 2.0 in, as shown in Figure 3-17 through 4-
12. At experiments with larger deformation amplitudes shown in Figure 4-13 through 
4-18, severe permanent degradation due bond breakage makes it difficult to investigate 
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the effect of excitation frequency on the damper hysteresis loops. For example the force-
deformation hysteresis loops of an experiment with deformation amplitude of 3.0 in, 
frequency of 0.1 Hz and an ambient temperature of 68 °F is shown in Figure 4-13. A 
noticeable degradation of strength is visible in this test. This irrecoverable permanent 
degradation due to bond breakage of parts of the thick elastomer layers leads to a smaller 
maximum damper force in the subsequent characterization tests of the same deformation 
amplitude and frequency of 0.5 Hz. However, the maximum damper force in the last 
full cycle (the cycle which is used for calibrating the equivalent linear spring-dashpot 
model) is still greater for the test with a frequency of 0.5 Hz than the test with frequency 
of 0.1 Hz. With progress of the bond breakage in experiments with a deformation 
amplitude of 4.0 in, the degradation causes a smaller last full cycle maximum damper 
force in a test with excitation frequency of 1.0 Hz compared to a test with excitation 
frequency of 0.5 Hz, as shown in Figure 4-14. This is because the latter test was 
performed earlier and consequently with less degradation. After completion of the tests 
with deformation amplitude of 5.0 in shown in Figure 4-15, the complete bond breakage 
results in frequency insensitive frictional behavior of the damper at the following tests 
with deformation amplitudes of 6.0, 7.0 and 8.0 in as shown in Figure 4-16 through 4-
18,  
To protect the instruments, all LVDTs, TC1 and TC2 were removed before 
performing tests with deformation amplitudes of 5.0 in and larger. It was assumed that 
the damper deformation and the actuator displacement are equal at these tests and the 
actuator deformation measured by the actuator tempesonic was used as the damper 
deformation. Figure 4-19 compares the actuator displacement and the damper 
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deformation for Test 57 in Table 4-3.  The maximum error between the damper 
deformation and actuator displacement was 0.08 in equal to 1.6% of the deformation 
amplitude. 
Figure 3-26 through 4-18 compare tests conducted at different temperatures. The 
damper shows higher maximum forces and broader hysteresis loops at lower 
temperatures. The sensitivity of the damper maximum force to the ambient temperature 
reduces as the deformation amplitude increases. Figure 4-27 shows the damper force-
deformation hysteresis loops at various ambient temperatures, and deformation 
amplitude and frequency of 3.0 in and 1.0 Hz. The first repetition (Rep 1) of the test at 
a temperature of 50 °F was performed first (Test 53, Rep 1), which initiated the bond 
breakage and consequently severe permanent degradation of the stiffness and strength 
of the damper that affected subsequent tests. Test 53 was followed by tests with the 
same deformation amplitude, temperature of 68 °F and frequencies of 0.1 Hz, 0.5 Hz 
and 1.0 Hz (Tests 49, 50 and 52), frequency of 1.0 Hz and temperature of 86 °F, (Test 
51). Regarding the severe stiffness and strength degradation at Test 53 (with 
temperature of 50 °F), the considerably larger maximum damper force of this test 
compared to Tests 51 and 52 (with temperatures of 86 and 68 °F, respectively) cannot 
be attributed to the ambient temperature effect (See Figure 4-27). To isolate the effects 
of degradation and ambient temperature on damper behavior, another repetition (Rep 2) 
of Test 53 was performed after Tests 51 and 52 as shown in Figure 4-27. This test was 
used to demonstrate the effect of ambient temperature on damper mechanical properties.  
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4.6 Damper Mechanical Properties 
Similar to Chapter 3, a simple equivalent linear spring-dashpot model is 
calibrated by equalizing the maximum damper force and energy dissipation of the 
equivalent linear model to the maximum damper force and energy dissipation of the last 
full cycle of a damper test. 
The effect of excitation frequency and amplitude on 𝑘𝑒𝑞, η  and 𝑘′ at an ambient 
temperature of 68 °F is shown in Figure 4-29 and 4-30. The results are shown up to 
deformation amplitude of 4.0 in, because the equivalent linear spring-dashpot model is 
not a good model for the damper behavior at higher deformation amplitudes. As shown 
in Figure 4-29 and4-30, the damper stiffness is more sensitive to frequency at the 
smaller deformation amplitudes. As shown in Chapter 3 the loss factor of HD butyl 60A 
elastomer material decreases with increase of deformation amplitude (see Figure 3-6). 
Consequently, the loss factor of the 3rd generation elastomeric damper also decreases up 
to a deformation amplitude of 1.0 in. However, slip of the thin elastomer layers increases 
the loss factor at deformation amplitudes larger than 1.0 in. The breakage of the bond 
between the thick elastomer layers and the steel plates, followed by slip of the thick 
elastomer layers against the tube wall at deformation amplitudes larger than 3.0 in 
significantly increases the loss factor. 
The effect of ambient temperature on the damper mechanical properties is shown 
in Figure 4-31 and4-32. The damper stiffness 𝑘′ and loss factor 𝜂 are greater at lower 
temperatures; the damper stiffness is shown to be more sensitive to ambient temperature 
at lower deformation amplitudes. 
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Figure 3-37 compares experimental and equivalent spring dashpot model 
hysteresis loops at the excitation frequency of 1.0 Hz and ambient temperature of 68 °F. 
The model is less accurate for larger deformation amplitudes, where the damper shows 
hardening behavior. 
Figure 4-34 compares the mechanical properties of the 1st, 2nd and 3rd generation 
dampers. The 3rd generation damper is more than 1.8 times stiffer (secant stiffness) than 
the 1st and 2nd generation dampers in the deformation amplitude range of  1.0 – 2.0 in; 
indicating that one tube of the 3rd generation damper is about as stiff as six tubes of the 
1st generation damper. The loss factor of the 2nd and 3rd generation dampers are about 
the same up to a deformation amplitude of 2.0 in. At higher deformation amplitudes slip 
of the thin elastomer layers and partial slip of thick elastomer layers of the 3rd generation 
damper increases the loss factor considerably compared to the 2nd generation damper. 
The 3rd generation damper has a higher pre-slip deformation amplitude capacity which 
results in a smaller loss factor compared to the 1st generation damper. Although a higher 
loss factor is desirable, early slip of the elastomer layers against the tube wall causes 
damage in the dampers during an earthquake and should be avoided.  
4.7 Summary 
A 3rd generation pre-compressed elastomeric damper was designed to overcome 
the shortcomings of the 1st and 2nd generation pre-compressed elastomeric dampers. The 
damper consists of the same components as the 2nd generation damper, except for two 
changes: (1) the HSS5x551/4 outer tube section was replaced with an HSS5x5x5/16 
outer tube section; and (2) the HD butyl 50A elastomeric material was replaced by an 
HD butyl 60A elastomeric compound. The damper was characterized by subjecting it 
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to a series of harmonic excitations with different deformation amplitudes, frequencies 
and ambient temperatures. The damper exhibits softening behavior for deformation 
amplitudes up to 1.5in, and hardening behavior followed by elastomer-steel bond 
breakage and severe degradation in capacity at deformation amplitudes of 3.0 to 5.0 in. 
In the deformation range of 6.0 to 8.0 in the bond is completely broken and the thick 
elastomer layers also slips against the thin steel plates, upon which the damper exhibits 
only frictional behavior. The bond failure behavior observed at larger deformations is 
desirable because it limits the damper force and therefore prevents large forces from 
developing in structural members. The 3rd generation damper is about twice stiffer than 
the 1st and 2nd generation dampers in the deformation amplitude range of 1.0 to 2.0 in. 
The loss factor of the 2nd and 3rd generation dampers are about the same up to a 
deformation amplitude of 2.0 in; however, at higher deformation amplitudes the loss 
factor of the 3rd generation damper is considerably larger than the 2nd generation damper. 
The 3rd generation damper showed desired behavior in terms of stiffness, and energy 
dissipation.  
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Table 4-1. Characterization test matrix for 3rd generation damper  
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Table 4-2. Characterization test instrumentation list for 3rd generation damper 
Instrument name Instrument 
type 
Range Measurement Location 
LVDT 1 LVDT  2.0 in damper 
deformation 
East tube 
LVDT 2 LVDT 2.0 in damper 
deformation 
West tube 
LVDT 3 LVDT 10.0 in damper 
deformation 
East tube 
LVDT 4 LVDT 10.0 in damper 
deformation 
West tube 
LVDT 5 LVDT 1.0 in Load cell 
lateral 
displacement 
 
- 
LVDT 6 LVDT 0.5 in Outer tube 
lateral 
displacement 
Outer tube 
LVDT 7 LVDT 0.5 in Outer tube 
lateral 
displacement 
Outer tube 
LC 1 Load cell 150 kips Damper force - 
FB 1 Full bridge 100 kips East tube 
force 
East tube 
FB 2 Full bridge 100 kips West tube 
force 
West tube 
TC 1 Thermocouple -4 to 1112 
°F   
Elastomer 
temperature 
East tube, 
thick elastomer 
TC 2 Thermocouple -4 to 1112 
°F   
Elastomer 
temperature 
East tube, thin 
elastomer 
TC 3 Thermocouple -4 to 1112 
°F   
Outer tube 
temperature 
East tube, 
Outer tube 
surface 
TC 4 Thermocouple -4 to 1112 
°F   
Outer tube 
temperature 
East tube, 
Outer tube 
surface 
TC 5 Thermocouple -4 to 1112 
°F   
Ambinet 
temperature 
- 
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Table 4-3. Selected characterization tests for 3rd generation damper behavior 
description 
Deformation amplitude  
in 
Excitation frequency 
(Hz) 
Ambient temperature  
(°F) 
0.25 to 2.0  1.0  68  
3.0  1.0  50  
4.0 to 6.0  0.1  68  
7.0 to 8.0  0.5  68  
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Figure 4-1. 3rd generation damper in test setup 
 
(a) Elevation view 
 
(b) Plan view 
Figure 4-2. Characterization test instrumentation 
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(a) Cross section view 
 
 
(b) Plan view 
Figure 4-3. Characterization test thermocouples  
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Figure 4-4. Damper hysteresis loops for characterization tests listed in Table 4-3 
 
Figure 4-5. Envelope of hysteresis loops for characterization tests listed in Table 4-3 
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Figure 4-6. Damper force-deformation hysteresis loops, amplitude=0.1 in, 
temperature=68 °F 
 
Figure 4-7. Damper force-deformation hysteresis loops, amplitude=0.25 in, 
temperature=68 °F 
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Figure 4-8. Damper force-deformation hysteresis loops, amplitude=0.5 in, 
temperature=68 °F 
 
Figure 4-9. Damper force-deformation hysteresis loops, amplitude=0.75 in, 
temperature=68 °F 
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Figure 4-10. Damper force-deformation hysteresis loops, amplitude=1.0 in, 
temperature=68 °F 
 
Figure 4-11. Damper force-deformation hysteresis loops, amplitude=1.5 in, 
temperature=68 °F 
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Figure 4-12. Damper force-deformation hysteresis loops, amplitude=2.0 in, 
temperature=68 °F 
 
Figure 4-13. Damper force-deformation hysteresis loops, amplitude=3.0 in, 
temperature=68 °F 
 
Figure 4-14. Damper force-deformation hysteresis loops, amplitude=4.0 in, 
temperature=68 °F 
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Figure 4-15. Damper force-deformation hysteresis loops, amplitude=5.0 in, 
temperature=68 °F 
 
Figure 4-16. Damper force-deformation hysteresis loops, amplitude=6.0 in, 
temperature=68 °F 
 
Figure 4-17. Damper force-deformation hysteresis loops, amplitude=7.0 in, 
temperature=68 °F 
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Figure 4-18. Damper force-deformation hysteresis loops, amplitude=8.0 in, 
temperature=68 °F 
 
Figure 4-19. Comparison of actuator displacement and damper deformation of Test 57, 
frequency=1.0 Hz, temperature=68 °F 
 
Figure 4-20. Damper force-deformation hysteresis loops, amplitude=0.1 in, 
frequency=1.0 Hz 
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Figure 4-21. Damper force-deformation hysteresis loops, amplitude=0.25 in, 
frequency=1.0 Hz 
 
Figure 4-22. Damper force-deformation hysteresis loops, amplitude=0.5 in, 
frequency=1.0 Hz 
 
Figure 4-23. Damper force-deformation hysteresis loops, amplitude=0.75 in, 
frequency=1.0 Hz 
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Figure 4-24. Damper force-deformation hysteresis loops, amplitude=1.0 in, 
frequency=1.0 Hz 
 
Figure 4-25. Damper force-deformation hysteresis loops, amplitude=1.5 in, 
frequency=1.0 Hz 
 
Figure 4-26. Damper force-deformation hysteresis loops, amplitude=2.0 in, 
frequency=1.0 Hz 
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Figure 4-27. Damper force-deformation hysteresis loops, amplitude=3.0 in, 
frequency=1.0 Hz 
 
Figure 4-28. Damper force-deformation hysteresis loops, amplitude=4.0 in, 
frequency=1.0 Hz 
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(a) Equivalent stiffness 
 
(b) Loss factor 
 
(c) Secant stiffness 
Figure 4-29. Effect of deformation amplitude (and frequency) on damper mechanical 
properties 
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(a) Equivalent stiffness 
 
(b) Loss factor 
 
(c) Secant stiffness 
Figure 4-30. Effect of excitation frequency (and amplitude) on damper mechanical 
properties 
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(a) Equivalent stiffness 
 
(b) Loss factor 
 
(c) Secant stiffness 
Figure 4-31. Effect of ambient temperature on damper mechanical properties 
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(a) Equivalent stiffness 
 
(b) Loss factor 
 
(c) Secant stiffness 
Figure 4-32. Effect of ambient temperature on damper mechanical properties 
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Figure 4-33. Comparison of experimental and equivalent linear spring dashpot model 
hysteresis loops, temperature=68 °F, frequency=1.0 Hz 
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(a) Equivalent stiffness 
   
(b) Loss factor 
 
(c) Secant stiffness 
Figure 4-34. Comparison of mechanical properties of the 1st, 2nd and 3rd generation 
dampers at a 0.6 scale; at temperature=68 °F and frequency=1.0 Hz 
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Chapter 5. Preliminary Design and Analysis of Structures with Viscoelastic and 
Elastomeric Dampers  
5.1 General 
This chapter provides design methodologies and analytical models required to 
design a seismic resistant system with viscoelastic or elastomeric dampers based on 
elastic-static analysis of the system subjected to equivalent lateral forces.  Single degree 
of freedom (SDOF) analytical models developed by Fan (1998) for systems with 
viscoelastic dampers are reviewed in Section 5.2, followed by description of the 
methods of approximating the natural periods and damping ratios of a multi degree of 
freedom (MDOF) VE-damped system in Section 5.3. The simplified design procedure 
(SDP) developed by Fan (1998) for the design of lateral load resisting frame systems 
with viscoelastic dampers and extended by Lee (2003) for the design of lateral load 
resisting frame systems with viscoelastic and elastomeric dampers is explained in 
Section 5.4. The effect of the flexibility of the structural members other than diagonal 
braces, which was ignored by Fan (1998) and Lee (2003), on the efficiency of a damped 
structural system is investigated in Section 5.5 and the analytical models generalized to 
include the effect of these flexibilities. 
5.2 Analytical Damper Models 
5.2.1 Linear Viscoelastic Model 
Figure 3-11 (a) shows a linear viscoelastic (VE) damper model. When the 
damper is subjected to a harmonic deformation history as: 
𝑢𝑑(𝑡) = 𝑢𝑑0 ⋅ sin(𝜔𝑡) (5-1) 
The force 𝐹𝑑 developed in the damper can be written in the time domain as: 
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𝐹𝑑(𝑡) = 𝑘𝑑
′ ⋅ 𝑢𝑑0 ⋅ (sin(𝜔𝑡) + 𝜂𝑑 cos(ωt))⁡ 
⁡⁡ ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡= 𝑘𝑑
′ ⋅ 𝑢𝑑0 ⋅ √1 + 𝜂𝑑
2 ⋅ sin⁡(𝜔𝑡 + 𝛿𝑑) 
(5-2) 
where,  
𝑢𝑑0= the damper deformation amplitude;  
ω= the excitation frequency;  
t=time; 
𝑘𝑑
′ = the damper elastic stiffness;  
𝜂𝑑= the damper loss factor; and 
𝛿𝑑= the damper force phase lead with respect to the damper deformation. 
The damper elastic stiffness relates the damper force at the maximum 
deformation (when the damper velocity ?̇?𝑑(t) is equal to zero) to the damper maximum 
deformation: 
𝐹𝑑(𝑢𝑑0) = 𝑘𝑑
′ ⋅ 𝑢𝑑0 (5-3) 
𝛿𝑑 is related to 𝜂𝑑 as: 
𝛿𝑑 = 𝑡𝑎𝑛
−1(𝜂𝑑) (5-4) 
The maximum damper force 𝐹𝑑0 (i.e., damper force amplitude) is the amplitude 
of the sinusoidal damper force time history, and is related to the damper deformation 
amplitude 𝑢𝑑0 as follows: 
𝐹𝑑0 = 𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2 ⋅ 𝑢𝑑0 = 𝑘𝑒𝑞 ⋅ 𝑢𝑑0  (5-5) 
where 𝑘𝑒𝑞 is the damper equivalent (dynamic) stiffness. 
The damper equivalent stiffness and elastic stiffness are related by Eq. (5-6). 
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𝑘𝑒𝑞 = 𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2 (5-6) 
In frequency domain the damper force 𝐹𝑑(𝑖𝜔) is related to the damper 
deformation 𝑢(𝑖𝜔)as: 
𝐹𝑑(𝑖𝜔) = 𝑘𝑑
∗ ⋅ 𝑢𝑑(𝑖𝜔) (5-7) 
where, 
𝐹𝑑(𝑖𝜔) = 𝐹𝑑0𝑒
𝑖(𝜔𝑡+𝛿𝑑) (5-8) 
𝑢𝑑(𝑖𝜔) = 𝑢𝑑0𝑒
𝑖(𝜔𝑡) (5-9) 
In Eq. (5-7)  𝑘𝑑
∗  is defined as the VE complex stiffness and includes both elastic stiffness 
(real) and energy dissipation (imaginary) components: 
𝑘𝑑
∗ = 𝑘𝑑
′ ⋅ (1 + 𝑖𝜂𝑑) (5-10) 
The damper equivalent stiffness is equal to the magnitude of the VE complex stiffness: 
𝑘𝑒𝑞 = |𝑘𝑑
∗ | (5-11) 
The energy dissipation of the damper, 𝐸𝐷𝑑 , is related to the strain energy of the 
damper, 𝐸𝑆𝑑  and the loss factor, 𝜂𝑑:  
𝐸𝐷𝑑 = 2π ⋅ η𝑑 ⋅ 𝐸𝑆𝑑  (5-12) 
where the strain energy of the damper is expressed as: 
𝐸𝑆𝑑 =
1
2
⋅ 𝑘𝑑
′ ⋅ 𝑢𝑑0
2 (5-13) 
5.2.2 Equivalent Elastic-Viscous Model 
The linear VE model is equivalent to the linear elastic-viscous model shown in 
Figure 3-11 (b). When the damper is subjected to the harmonic excitation defined in Eq. 
(5-1), the damper force in the time domain is equal to: 
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𝐹𝑑(𝑡) = 𝑢𝑑0 ⋅ (𝑘𝑑
′ ⋅ sin(𝜔𝑡) + 𝑐𝑑 ⋅ 𝜔 ⋅ cos(𝜔𝑡)) (5-14) 
where  𝑐𝑑 is the damping coefficient and is related to the loss factor as follows: 
𝑐𝑑 =
𝜂𝑑 ⋅ 𝑘𝑑
′
𝜔
 (5-15) 
5.3 Analytical Models for Damper and Bracing 
A damper installed in a structural system is usually connected in series with a 
diagonal brace. Figure 5-2 shows four analytical models suggested by Fan (1998) for 
the damper and brace component: (1) the linear viscoelastic model; (2) equivalent 
viscoelastic model; (3) equivalent elastic-viscous model; and, (4) simplified elastic-
viscous model. 
5.3.1 Linear Viscoelastic Model 
In the linear viscoelastic model, the total component deformation, 𝑢(𝑡), is the 
summation of the damper deformation, 𝑢𝑑(𝑡), and brace deformation, 𝑢𝑏(𝑡): 
u(t) = 𝑢𝑑(𝑡) + 𝑢𝑏(𝑡) (5-16) 
Considering that the damper and brace are in series, for a sinusoidal force time 
history with an amplitude of 𝐹0 and frequency of 𝜔: 
𝐹𝑑(𝑡) = 𝐹𝑏(𝑡) = 𝐹(𝑡) = 𝐹0 ⋅ sin⁡(𝜔𝑡) (5-17) 
𝑢𝑑(𝑡) =
𝐹0
𝑘𝑑
′ ∙ √1 + 𝜂𝑑2
⋅ sin⁡(𝜔𝑡 − 𝛿𝑑) (5-18) 
𝑢𝑏(𝑡) =
𝐹0
𝑘𝑏
⋅ sin⁡(𝜔𝑡) (5-19) 
Eq. (5-18) and Eq. (5-19) indicate that the damper deformation has a phase lag of 𝛿𝑑 
with respect to the brace deformation, where 𝛿𝑑 is defined in Eq. (5-4). By substituting 
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Eqs. (5-18) and (5-19) in Eq. (5-16) the total deformation of the linear viscoelastic 
model can be calculated: 
u(t) =
𝐹0
𝑘𝑏
⋅ sin(𝜔𝑡) +
𝐹0
𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2
⋅ sin(𝜔𝑡 − 𝛿𝑑) 
= 𝐹0 (sin(𝜔𝑡) (
1
𝑘𝑏
+
cos(𝛿𝑑)
𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2
) − cos(𝜔𝑡) (
sin(𝛿𝑑)
𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2
)) 
= 𝑢0 ⋅ sin⁡(𝜔𝑡 − 𝛿𝑑+𝑏) 
(5-20) 
where 𝑢0 is the total deformation amplitude of the linear viscoelastic model and  𝛿𝑑+𝑏 
is the phase lead of the damper-brace component force with respect to the damper-brace 
component deformation. It is also equal to the phase lead of the brace deformation with 
respect to the total component deformation and can be calculated as: 
𝛿𝑑+𝑏 = 𝑡𝑎𝑛
−1
(
 
 
sin(𝛿𝑑)
𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2
cos(𝛿𝑑)
𝑘𝑑
′ ⋅ √1 + 𝜂𝑑2
+
1
𝑘𝑏
)
 
 
= 𝑡𝑎𝑛−1(
𝜂𝑑
1 +
𝑘𝑑
′ (1 + 𝜂𝑑2)
𝑘𝑏
) (5-21) 
The damper deformation phase lag with respect to the total component 
deformation can be calculated as (𝛿𝑑 − 𝛿𝑑+𝑏). 
Regarding the fact that there is no energy dissipated in the braces, the total 
energy dissipation of the damper-brace component, 𝐸𝐷 , is equal to the energy dissipated 
by the damper, 𝐸𝐷𝑑: 
𝐸𝐷 = 2𝜋 ⋅ 𝐸𝑆𝑑 ⋅ 𝜂𝑑 = 2𝜋 ⋅ (
1
2
⋅ 𝑘𝑑
′ ⋅ 𝑢𝑑0
2) ⋅ 𝜂𝑑 = 𝜋 ⋅
𝐹0
2
(1 + 𝜂𝑑2) ⋅ 𝑘𝑑
′ ⋅ 𝜂𝑑 (5-22) 
The total strain energy of the damper-brace component is the summation of the 
damper and brace strain energies: 
104 
 
𝐸𝑆 = 𝐸𝑆𝑑 + 𝐸𝑆𝑏 =
1
2
⋅ 𝑘𝑑
′ ⋅ 𝑢𝑑0
2 +
1
2
⋅ 𝑘𝑏 ⋅ 𝑢𝑏0
2 =
1
2
⋅
𝐹0
2
𝑘𝑑
′ ⋅ (
1
1 + 𝜂𝑑2
+
𝑘𝑑
′
𝑘𝑏
) (5-23) 
Using the total energy dissipation and the total strain energy of the system, an 
equivalent loss factor for the damper-brace component 𝜂𝑑+𝑏 could be found: 
𝜂𝑑+𝑏 =
𝐸𝐷
2𝜋 ⋅ 𝐸𝑆
=
𝜂𝑑
1 +
𝑘𝑑
′
𝑘𝑏
(1 + 𝜂𝑑2)
=
𝜂𝑑
(1 +
𝑘𝑑
′
𝑘𝑏
)(1 +
𝜂𝑑2
1 +
𝑘𝑏
𝑘𝑑
′
)
 (5-24) 
 
5.3.2 Equivalent Viscoelastic Model 
The linear VE model can be converted to the equivalent VE model (See Figure 
5-2 (b)), having a combined complex stiffness 𝑘𝑑+𝑏
∗  and loss factor 𝜂𝑑+𝑏: 
𝑘𝑑+𝑏
∗ = 𝑘𝑑+𝑏
′ (1 + 𝑖𝜂𝑑+𝑏) =
1
1
𝑘𝑏
+
1
𝑘𝑑
∗
=
1
1
𝑘𝑏
+
1
𝑘𝑑
′ (1 + 𝑖𝜂𝑑)
 
(5-25) 
 
where,  
𝑘𝑑+𝑏
′ =
1
1
𝑘𝑏
+
1
𝜇 ⋅ 𝑘𝑑
′
 
(5-26) 
 
𝜂𝑑+𝑏 =
𝜂𝑑
1 +
𝑘𝑑
′
𝑘𝑏
(1 + 𝜂𝑑2)
=
𝜂𝑑
𝜇 ⋅ (1 +
𝑘𝑑
′
𝑘𝑏
)
 (5-27) 
 
μ = 1 +
𝜂𝑑
2
1 +
𝑘𝑏
𝑘𝑑
′
 (5-28) 
 
Note that Equations (5-24) and (5-27) are identical. For small values of 𝜂𝑑 and large 
values of 
𝑘𝑏
𝑘𝑑
′ , 𝜇 is close to 1.0 and consequently the damper-brace component elastic 
stiffness is close to the elastic stiffness of a system with no energy dissipation.  
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The equivalent (dynamic) stiffness of the equivalent VE model is: 
𝑘𝑒𝑞𝑑+𝑏 = |𝑘𝑑+𝑏
∗ | = 𝑘𝑑+𝑏
′ ⋅ √1 + 𝜂𝑑+𝑏2 (5-29) 
When the equivalent VE model is subjected to a sinusoidal force time history of 𝐹(𝑡) =
𝐹0. sin⁡(𝜔𝑡), the deformation of the model is: 
u(t) = 𝑢0 ⋅ sin⁡(𝜔𝑡 − 𝛿𝑑+𝑏) (5-30) 
where, 
𝑢0 =
𝐹0
𝑘𝑒𝑞𝑑+𝑏
 (5-31) 
and,  
𝛿𝑑+𝑏 = 𝑡𝑎𝑛
−1(𝜂𝑑+𝑏) (5-32) 
Note that the phase lead of the damper-brace component force with respect to the 
damper-brace component deformation, 𝛿𝑑+𝑏, found from the linear VE model, Eq. 
(5-21), and the equivalent viscoelastic model, Eq. (5-32), are identical.     
Subjected to a deformation time history of 𝑢(𝑡) = 𝑢0. sin⁡(𝜔𝑡), the model force 
is: 
F(t) = 𝐹0 ⋅ sin⁡(𝜔𝑡 + 𝛿𝑑+𝑏) (5-33) 
In Eq. (5-33) 𝐹0 and 𝛿𝑑+𝑏 are defined by Eq. (5-31) and Eq. (5-32). 
5.3.3 Equivalent Elastic-Viscous Model 
The damper-brace system could be represented by an equivalent elastic-viscous 
model (See Figure 5-2 (c)) with the same elastic stiffness as the equivalent VE model 
and a damping coefficient as follows: 
𝑐𝑑+𝑏 =
𝑘𝑑+𝑏
′ ⋅ 𝜂𝑑+𝑏
𝜔
 (5-34) 
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The elastic stiffness, 𝑘𝑑+𝑏
′ , in Eq. (5-34) is a function of 𝜇, which is a function 
of 𝜂𝑑, meaning that the elastic stiffness is not purely elastic and cannot be determined 
using an elastic analysis of the system. It is required to define a purely elastic stiffness 
for the damper-brace system.  
5.3.4 Simplified Elastic-Viscous Model 
A simplified model shown in Figure 5-2 (d) is defined which neglects the phase 
lag between the damper deformation and brace deformation and assumes that at the time 
instant of the maximum force, both the damper and brace experience their maximum 
deformations, similar to the phenomena that occurs in two elastic members that are 
located in series. With these assumptions it can be shown that the elastic stiffness of the 
simplified model, 𝑘𝑑+𝑏,𝑠𝑖𝑚𝑝
′  is equal to: 
𝑘𝑑+𝑏,𝑠𝑖𝑚𝑝
′ =
1
1
𝑘𝑏
+
1
𝑘𝑑
′
 
(5-35) 
 
and the damper and brace deformation amplitudes, 𝑢𝑑0 and  𝑢𝑏0 are as follows: 
𝑢𝑑0 =
𝐹0
𝑘𝑑
′  (5-36) 
𝑢𝑏0 =
𝐹0
𝑘𝑏
 (5-37) 
The energy dissipation of the damper-brace system is equal to the energy 
dissipation of the damper: 
𝐸𝐷 = 2𝜋 ⋅ 𝐸𝑆𝑑 ⋅ 𝜂𝑑 = 2𝜋 ⋅ (
1
2
⋅ 𝑘𝑑
′ ⋅ 𝑢𝑑0
2) ⋅ 𝜂𝑑 = 𝜋 ⋅
𝐹0
2
𝑘𝑑
′ ⋅ 𝜂𝑑 (5-38) 
The strain energy of the system is summation of the strain energy in the damper and the 
brace: 
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𝐸𝑆 = 𝐸𝑆𝑑 + 𝐸𝑆𝑏 =
1
2
⋅ 𝑘𝑑
′ ⋅ 𝑢𝑑0
2 +
1
2
⋅ 𝑘𝑏 ⋅ 𝑢𝑏0
2 =
1
2
⋅ 𝐹0
2 ⋅ (
1
𝑘𝑑
′ +
1
𝑘𝑏
) (5-39) 
Consequently, the loss factor of the system is equal to: 
𝜂𝑑+𝑏,𝑠𝑖𝑚𝑝 =
𝐸𝐷
2𝜋 ⋅ 𝐸𝑆
=
𝜂𝑑
1 +
𝑘𝑑
′
𝑘𝑏
 (5-40) 
 
The damping coefficient appearing in the model can be written as: 
⁡𝑐𝑑+𝑏,𝑠𝑖𝑚𝑝 =
𝑘𝑑+𝑏,𝑠𝑖𝑚𝑝
′ .𝜂𝑑+𝑏,𝑠𝑖𝑚𝑝
𝜔
  (5-41) 
Note that Eq. (5-35) is equivalent to Eq.(5-26), and Eq. (5-40) is equivalent to Eq. (5-27) 
when 𝜇 = 1.0.  
The equivalent stiffness of the simplified elastic-viscous model 𝑘𝑒𝑞𝑑+𝑏,𝑠𝑖𝑚𝑝  is: 
𝑘𝑒𝑞𝑑+𝑏,𝑠𝑖𝑚𝑝 = 𝑘𝑑+𝑏,𝑠𝑖𝑚𝑝
′ ⋅ √1 + 𝜂𝑑+𝑏,𝑠𝑖𝑚𝑝2 (5-42) 
When the simplified elastic-viscous model is subjected to a sinusoidal force time 
history of 𝐹(𝑡) = 𝐹0. sin⁡(𝜔𝑡), the deformation of the model 𝑢(𝑡) is: 
u(t) = 𝑢0 ⋅ sin⁡(𝜔𝑡 − 𝛿𝑑+𝑏,𝑠𝑖𝑚𝑝) (5-43) 
where 
𝑢0 =
𝐹0
𝑘𝑒𝑞𝑑+𝑏,𝑠𝑖𝑚𝑝
 (5-44) 
and  
𝛿𝑑+𝑏,𝑠𝑖𝑚𝑝 = 𝑡𝑎𝑛
−1(𝜂𝑑+𝑏,𝑠𝑖𝑚𝑝) (5-45) 
Similarly, when the model is subjected to a deformation time history of 𝑢(𝑡) =
𝑢0. sin⁡(𝜔𝑡), the model force is equal to: 
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F(t) = 𝐹0 ⋅ sin⁡(𝜔𝑡 + 𝛿𝑑+𝑏,𝑠𝑖𝑚𝑝) (5-46) 
where 𝐹0 and 𝛿𝑑+𝑏,𝑠𝑖𝑚𝑝 are defined in Eq. (5-44) and Eq. (5-45). 
Figure 5-3 compares properties of the equivalent viscoelastic and the simplified 
elastic-viscous models for two values of 𝜂𝑑 = 1.3 and 𝜂𝑑 = 0.4. These values of 𝜂𝑑 
correspond to typical loss factor values for viscoelastic and elastomeric materials. 
Figure 5-3 (a) shows that 𝜇 is always greater than 1.0, and asymptotically reaches 1.0 
as 𝑘𝑏 𝑘𝑑
′⁄  increases; the smaller the 𝜂𝑑, the closer 𝜇 is to 1.0. The properties of the 
simplified linear elastic-viscous model better match the properties of the linear 
viscoelastic model for smaller values of 𝜂𝑑 and larger values of 𝑘𝑏 𝑘𝑑
′⁄ .  
Figure 5-3 (b) compares the elastic stiffness of the equivalent viscoelastic and 
the simplified linear elastic-viscous models. The simplified model always 
underestimates the elastic stiffness of the damper-brace system; however there is good 
agreement between the elastic stiffness of the simplified model and the linear 
viscoelastic model for 𝜂𝑑 = 0.4. The elastic stiffness of the simplified linear elastic-
viscous and equivalent viscoelastic models with 𝜂𝑑 = 0.4 constantly increase and 
asymptotically reach a value of 𝑘𝑑
′  as 𝑘𝑏 𝑘𝑑
′⁄  increases. However, the elastic stiffness of 
the equivalent viscoelastic model with 𝜂𝑑 = 1.3 reaches a maximum value greater than 
𝑘𝑑
′ , then decreases and asymptotically reaches a value of 𝑘𝑑
′  as 𝑘𝑏 𝑘𝑑
′⁄  increases. The 
trends seen for the variation of the elastic stiffness of the viscoelastic model versus 
𝑘𝑏 𝑘𝑑
′⁄  at 𝜂𝑑 = 0.4 and 𝜂𝑑 = 1.3, are representative when for 𝜂𝑑 < 1.0 and 𝜂𝑑 > 1.0, 
respectively. The maximum elastic stiffness of the equivalent viscoelastic model with 
𝜂𝑑 > 1.0 occurs when: 
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𝑘𝑏
𝑘𝑑
′ =
1 + 𝜂𝑑
2
𝜂𝑑 − 1
 (5-47) 
and the value of the maximum elastic stiffness when 𝜂𝑑>1.0 is: 
𝑘𝑑+𝑏
′ = 𝑘𝑑
′ ⋅
1 + 𝜂𝑑
2
2𝜂𝑑
 (5-48) 
Note that the maximum elastic stiffness of the linear viscoelastic material with 𝜂𝑑 > 1.0 
is larger than 𝑘𝑑
′ . 
Figure 5-3 (c) shows the variation of the loss factor for the equivalent 
viscoelastic and the simplified linear elastic-viscous models versus 𝑘𝑏 𝑘𝑑
′⁄ . The loss 
factor increases and asymptotically reaches a value of 𝜂𝑑 as 𝑘𝑏 𝑘𝑑
′⁄  increases. The 
simplified linear elastic-viscous model overestimates the loss factor; providing better 
approximations of the damper-brace system loss factor for larger values of 𝑘𝑏 𝑘𝑑
′⁄  and 
smaller values of 𝜂𝑑. 
Figure 5-3 (d) shows the variation of the equivalent stiffness of the equivalent 
viscoelastic and the simplified linear elastic-viscous models versus 𝑘𝑏 𝑘𝑑
′⁄ . The 
simplified model always underestimates the equivalent stiffness; however there is good 
agreement between the elastic stiffness of the simplified model and the linear 
viscoelastic model for 𝜂𝑑 = 0.4. Unlike the trend seen for the elastic stiffness, the 
equivalent stiffness of the equivalent viscoelastic models constantly increases and 
asymptotically reaches a value of 𝑘𝑑
′  as 𝑘𝑏 𝑘𝑑
′⁄  increases for all values of 𝜂𝑑.  
Figure 5-4 shows force-deformation hysteresis loops of the equivalent 
viscoelastic and the simplified elastic-viscous models for the damper brace component. 
The deformation and force are normalized to the maximum component deformation, 𝑢0, 
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and the maximum component force of the equivalent viscoelastic model, 𝑘𝑒𝑞𝑑+𝑏 . 𝑢0, 
respectively. For 𝜂𝑑 = 0.4, the simplified model provides good estimates of the 
equivalent viscoelastic damper-brace component hysteresis loops, even for small values 
of 𝑘𝑏 𝑘𝑑
′⁄ . However, for 𝜂𝑑 = 1.3, the simplified model provides good estimates of the 
equivalent viscoelastic damper-brace component hysteresis loops only for larger values 
of 𝑘𝑏 𝑘𝑑
′⁄ . The simplified model underestimates the component elastic stiffness and 
overestimates the loss factor, which could be seen in Figure 5-4 (c). 
5.4 Analytical Models for Damper, Brace and Frame System  
Fan (1998) proposed four analytical models for a damped system with a damper, 
a brace and a frame: (1) the linear viscoelastic model; (2) equivalent viscoelastic model; 
(3) equivalent elastic-viscous model; and, (4) simplified elastic-viscous model. The 
frame provides a stiffness of 𝑘0 in parallel with the damper and brace. It is advantageous 
to normalize the brace stiffness 𝑘𝑏 and damper stiffness 𝑘𝑑
′  with respect to frame 
stiffness 𝑘0 and define the normalized brace stiffness, 𝛼 and the normalized damper 
stiffness, 𝛽 as: 
𝛼 =
𝑘𝑏
𝑘0
 
(5-49) 
𝛽 =
𝑘𝑑
′
𝑘0
 
(5-50) 
Using this notation, the stiffness and loss factor of the simplified elastic-viscous 
model for the combined damper-brace component can be rewritten as: 
𝑘𝑑+𝑏,𝑠𝑖𝑚𝑝
′ =
1
1
𝑘𝑏
+
1
𝑘𝑑
′
=
𝛽 ⋅ 𝑘0
1 +
𝛽
𝛼
 
(5-51) 
111 
 
𝜂𝑑+𝑏,𝑠𝑖𝑚𝑝 =
𝜂𝑑
1 +
𝛽
𝛼
 (5-52) 
where 𝛼/𝛽 represents the ratio of brace stiffness over damper stiffness: 
𝛼
𝛽
=
𝑘𝑏
𝑘𝑑
′  
(5-53) 
The properties of the models shown in Figure 5-5 can be found by applying 
similar methods used in the previous section. The complex stiffness of the equivalent 
linear viscoelastic model shown in Figure 5-5 (a) can be written as: 
𝑘𝑠
∗ = 𝑘0 +
1
1
𝑘𝑏
+
1
𝑘𝑑
∗
= 𝑘𝑠
′ ⋅ (1 + 𝑖𝜂𝑠) 
(5-54) 
where, 
𝑘𝑠
′ = 𝑘0 +
1
1
𝑘𝑏
+
1
𝜇𝑘𝑑
′
= 𝑘0 ⋅
1 + 𝜇𝛽 + 𝜇
𝛽
𝛼
1 + 𝜇
𝛽
𝛼
 
(5-55) 
  
and 
𝜂𝑠 =
𝛽. 𝜂𝑑
(1 +
𝛽
𝛼) ⋅ (1 + 𝜇𝛽 + 𝜇
𝛽
𝛼)
 
(5-56) 
𝜇 could be re-written using the normalized damper and brace stiffness, where: 
μ = 1 +
𝜂𝑑
2
1 +
𝛼
𝛽
 
(5-57) 
Note that for stiff braces (𝛼 𝛽⁄ → ∞) that 𝜇 → 1, and consequently, 𝑘𝑠
′ →
𝑘0(1 + 𝛽) and 𝜂𝑠 → 𝛽𝜂𝑑 (1 + 𝛽)⁄ . 
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The equivalent stiffness of the equivalent linear viscoelastic model shown in 
Figure 5-5 (a) is as follows: 
𝑘𝑒𝑞𝑠 = |𝑘𝑠
∗| = 𝑘𝑠
′ ⋅ (1 + 𝜂𝑠
2) (5-58) 
The damping coefficient of the elastic-viscous model could be written as: 
𝑐𝑠 =
𝜂𝑠 ⋅ 𝑘𝑠
′
𝜔
 
(5-59) 
For a system with mass of M and natural frequency of 𝜔𝑛 = √𝑘𝑠 𝑀⁄ , the 
damping ratio is: 
𝜁𝑠 =
𝜂𝑠
2
(
𝜔𝑛
𝜔
) (5-60) 
When the excitation frequency is same as the natural frequency, i.e. 𝜔 = 𝜔𝑛, the 
damping ratio becomes: 
𝜁𝑠 =
𝜂𝑠
2
=
𝛽. 𝜂𝑑
2
1
(1 +
𝛽
𝛼) ⋅ (1 + 𝜇𝛽 + 𝜇
𝛽
𝛼)
 
(5-61) 
The properties of the simplified elastic-viscous model shown in Figure 5-5 (d) 
can be found by setting 𝜇 = 1.0 in equations (5-55) and (5-56) whereby: 
𝑘𝑠,𝑠𝑖𝑚𝑝
′ = 𝑘0 +
1
1
𝑘𝑏
+
1
𝑘𝑑
′
= 𝑘0 ⋅
1 + 𝛽 +
𝛽
𝛼
1 +
𝛽
𝛼
 
(5-62) 
𝜂𝑠,𝑠𝑖𝑚𝑝 =
𝛽 ⋅ 𝜂𝑑
(1 +
𝛽
𝛼) ⋅ (1 + 𝛽 +
𝛽
𝛼)
 
(5-63) 
𝑐𝑠,𝑠𝑖𝑚𝑝 =
𝜂𝑠,𝑠𝑖𝑚𝑝 ⋅ 𝑘𝑠,𝑠𝑖𝑚𝑝
′
𝜔
 
(5-64) 
For a system with mass M, and natural frequency 𝜔𝑛 = √𝑘𝑠 𝑀⁄ , the damping 
ratio for the simplified elastic-viscous model is: 
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𝜁𝑠,𝑠𝑖𝑚𝑝 =
𝜂𝑠,𝑠𝑖𝑚𝑝
2
=
𝛽 ⋅ 𝜂𝑑
2
1
(1 +
𝛽
𝛼) ⋅ (1 + 𝛽 +
𝛽
𝛼)
 
(5-65) 
Figure 5-6 compares the elastic stiffness and loss factor of the equivalent 
viscoelastic model and the simplified elastic-viscous model for the damper-brace-frame 
system, when 𝛽 = 1.0 and α varies. For 𝜂𝑑 = 0.4, the simplified model provides good 
estimates of actual behavior of the system; however, for 𝜂𝑑 = 1.3 the model is less 
accurate. The simplified model always underestimates the elastic stiffness of the 
damper-brace-frame system. The elastic stiffness of the simplified linear elastic-viscous 
and equivalent viscoelastic models with 𝜂𝑑 = 0.4 constantly increase and 
asymptotically reach a value of (1 + 𝛽) ∙ 𝑘0 as 𝛼 increases. However, the elastic 
stiffness of the equivalent viscoelastic model with 𝜂𝑑 = 1.3 increases and reaches a 
maximum value greater than (1 + 𝛽) ∙ 𝑘0, then slightly decreases and asymptotically 
reaches a value of (1 + 𝛽) ∙ 𝑘0 as 𝛼 increases. The loss factors of the two models 
constantly increase and asymptotically reach a value of 𝛽𝜂𝑑 (1 + 𝛽)⁄  as 𝛼 increases. 
At a constant value of β, the maximum elastic stiffness of the equivalent 
viscoelastic model with 𝜂𝑑 > 1.0 occurs when: 
𝛼 = 𝛽
1+𝜂𝑑
2
𝜂𝑑−1
,  ⁡⁡𝜂𝑑 > 1.0 (5-66) 
and the maximum elastic stiffness is: 
𝑘𝑠
′ = 𝑘0(1 + 𝛽
1+𝜂𝑑
2
2𝜂𝑑
), ⁡⁡⁡𝜂𝑑 > 1.0 
(5-67) 
Note that although the elastic stiffness and loss factor of a damper-brace-frame 
system with 𝜂𝑑 = 0.4 and 𝛽 = 1 always increases as 𝛼 increases, the rate of the increase 
in stiffness and loss factor reduces as α increases; indicating that there is not any 
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significant advantage in using very stiff braces. For example when 𝛼 increases from 1 
to 5, the elastic stiffness and loss factor of the simplified elastic-viscous model increase 
by 22% and 127%, respectively; however when 𝛼 changes from 5 to 25 the same 
parameters increase by only 7% and 24%. When 𝛼 increases from 25 to 125 these 
quantities increase by about 2% and 5%, indicating that very little is gained in the 
stiffness and energy dissipation properties of a system with 𝛽 = 1 when an 𝛼 value 
larger than 25 is used.  
Figure 5-7 compares the elastic stiffness and loss factor of the equivalent 
viscoelastic and the simplified elastic-viscous models for the damper-brace-frame 
system when α= 30 and β varies. The elastic stiffness of the system increases 
monotonically as 𝛽 increases; however, the loss factor increases, then reaches a 
maximum value and decreases to asymptotically reach 0 as β increases. The maximum 
loss factor of the equivalent viscoelastic model occurs at a 𝛽 of: 
𝛽 =
𝛼
√1 + 𝜂𝑑2 ⋅ √1 + 𝛼
 (5-68) 
Figure 5-8 shows the force-deformation hysteresis loops of the equivalent 
viscoelastic and the simplified elastic-viscous models for a damped system with 𝛼 =
30. The deformations and forces are normalized by the maximum system deformation, 
𝑢0, and the maximum system force of the equivalent viscoelastic model, 𝑘𝑒𝑞𝑠 . 𝑢0, 
respectively. For 𝜂𝑑 = 0.4 the simplified model predicts similar hysteretic behavior as 
the equivalent viscoelastic model, even for large values of 𝛽. For 𝜂𝑑 = 1.3 the 
simplified model shows good agreement with the equivalent viscoelastic model only for 
smaller values of 𝛽.  
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5.5 Response Correction  
It is desired to perform the preliminary design and analysis of a damped system 
by static analysis using the simplified elastic-viscous model. With the use of the 
simplified damper-brace model, the system forces will be underestimated and the 
response parameters will need to be modified. Fan (1998) proposed force amplification 
factors to account for the difference between the static and dynamic analysis response 
and modification factors to account for the difference between the linear viscoelastic 
model and the simplified elastic-viscous model. 
The amplification factor for the damper, 𝐴𝐹𝑑, is the ratio of the maximum 
dynamic damper force to the maximum static damper force:   
𝐴𝐹𝑑 =
𝑘𝑒𝑞
𝑘𝑑
′ = √1 + 𝜂𝑑
2 
(5-69) 
The damper force obtained from a static analysis should be amplified by 𝐴𝐹𝑑 to 
calculate the maximum dynamic damper force. Similarly the amplification factors for 
the damper-brace component, 𝐴𝐹𝑑+𝑏, and the damper-brace-frame system, 𝐴𝐹𝑠, can be 
written as: 
𝐴𝐹𝑑+𝑏 =
𝑘𝑒𝑞𝑑+𝑏
𝑘𝑑+𝑏
′ = √1 + 𝜂𝑑+𝑏
2 
(5-70) 
𝐴𝐹𝑠 =
𝑘𝑒𝑞𝑠
𝑘𝑠′
= √1 + 𝜂𝑠2 
(5-71) 
In addition to the amplification factors, Fan (1998) proposed four modification 
factors to be applied to the estimates of the stiffness, damping ratio and period in order 
to account for the difference between the equivalent elastic-viscous model and the 
simplified elastic-viscous model due to the assumption of 𝜇 = 1.0 in the simplified 
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model. The stiffness modification factors for the damper-brace component, 𝑀𝐹𝑘′,𝑑+𝑏, 
and damper-brace-frame system, 𝑀𝐹𝑘′,𝑠 can be written as: 
𝑀𝐹𝑘′,𝑑+𝑏 =
𝑘𝑑+𝑏
′
𝑘𝑑+𝑏,𝑠𝑖𝑚𝑝
′ =
𝜇(𝛼 + 𝛽)
(𝛼 + 𝜇𝛽)
 
(5-72) 
𝑀𝐹𝑘′,𝑠 =
𝑘𝑠
′
𝑘𝑠,𝑠𝑖𝑚𝑝
′ =
(𝛼 + 𝛽)(𝛼 + 𝜇𝛽 + 𝜇𝛼𝛽)
(𝛼 + 𝜇𝛽)(𝛼 + 𝛽 + 𝛼𝛽)
 
(5-73) 
The damping ratio and period modification factors (𝑀𝐹𝜁 and 𝑀𝐹𝑇, respectively) 
for the damper-brace- frame system are: 
𝑀𝐹𝜁 =
𝜁𝑠
𝜁𝑠,𝑠𝑖𝑚𝑝
=
(𝛼 + 𝛽 + 𝛼𝛽)
(𝛼 + 𝜇𝛽 + 𝜇𝛼𝛽)
 
(5-74) 
𝑀𝐹𝑇 =
𝑇𝑠
𝑇𝑠,𝑠𝑖𝑚𝑝
= √
(𝛼 + 𝜇𝛽)(𝛼 + 𝛽 + 𝛼𝛽)
(𝛼 + 𝛽)(𝛼 + 𝜇𝛽 + 𝜇𝛼𝛽)
 
(5-75) 
Figure 5-9 shows the amplification and modification factors for two VE-damped 
systems with 𝛼 = 30 and 𝜂𝑑 values of 0.4 and 1.3. The amplification and modification 
factors are close to 1.0 for a damped system with 𝜂𝑑 = 0.4. However for 𝜂𝑑 = 1.3 the 
amplification and modification factors deviate from 1.0, as shown in Figure 5-9 (a) and 
(c).  
Fan (1998) analyzed a three-bay, one-story frame with viscoelastic ISD-110 
dampers to compare the preliminary design analysis procedure (static analysis) with the 
response predicted by NDTHA. Two cases with 𝛼 = 30, 𝛽 = 1.0 and 𝛼 = 30, 𝛽 = 30 
were studied. The analysis involved subjecting the roof to static displacements 𝑢0 and 
dynamic displacements 𝑢0. sin(𝜔𝑡). Fan concluded that: 
(1) The maximum bending moment and shear force in the beams and columns 
do not require any correction, since they depend on the maximum lateral displacement. 
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(2) The maximum axial force in the braces, dampers and columns adjacent to 
dampers have to be amplified by 𝐴𝐹𝑑+𝑏 ∙ 𝑀𝐹𝑘′,𝑑+𝑏 for the case with 𝛼 = 30, 𝛽 = 1.0 
and by 𝐴𝐹𝑠 ∙ 𝑀𝐹𝑘′,𝑠 for the case with 𝛼 = 30, 𝛽 = 30. It is conservative to amplify 
results from static analysis by 𝐴𝐹𝑑+𝑏 ∙ 𝑀𝐹𝑘′,𝑑+𝑏. 
 (3) The axial force in the columns outside of the braced bay does not require a 
correction. 
(4) The maximum base shear has to be amplified by a factor of 𝐴𝐹𝑠 ∙ 𝑀𝐹𝑘′,𝑠. 
5.6 Dynamic Properties of VE-Damped MDOF Systems 
In the previous sections closed-form expressions were presented for properties 
of viscoelastic damped systems, such as the elastic stiffness, loss factor and damping 
ratio.  Unlike SDOF VE-damped systems, there are no closed-form expressions for 
calculating the modal frequencies and damping ratios of a MDOF VE-damped system 
using either the linear viscoelastic model or the equivalent elastic-viscous model. The 
modal frequencies and damping ratios can be calculated by a rigorous eigenvalue 
analysis. In this section, methods of approximating the natural periods and damping 
ratios of a MDOF VE-damped system using the simplified elastic-viscous model are 
introduced. 
The natural periods of the system can be estimated by Rayleigh’s method as: 
𝑇𝑖 = 2𝜋√
𝜙𝑖
𝑇 ⋅ 𝑀 ⋅ 𝜙𝑖
𝜙𝑖
𝑇 ⋅ 𝐾 ⋅ 𝜙𝑖
 
(5-76) 
where, 
𝑇𝑖= the natural period of mode 𝑖; 
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𝜙𝑖= the displacement vector corresponding to mode 𝑖; 
𝑀= the mass matrix; and  
𝐾= the stiffness matrix that includes the elastic stiffness of the dampers and 
braces as well as the remainder of the frame.  
The equivalent damping ratio of mode 𝑖, 𝜁𝑖, can be expressed in terms of modal 
strain energy (MSE) (Chang, et al., 1992) as: 
𝜁𝑖 =
𝜂𝑑
2
⋅
𝜙𝑖
𝑇 ⋅ 𝐾𝑑 ⋅ 𝜙𝑖
𝜙𝑖
𝑇 ⋅ 𝐾 ⋅ 𝜙𝑖
 
(5-77) 
where 𝐾𝑑 is the stiffness matrix for the dampers, expressed in terms of global degrees 
of freedom. 
Alternatively, the lateral force energy (LFE) method was proposed (Sause, et al., 
1994) which does not require an eigenvalue analysis to estimate the damping ratio: 
𝜁𝑖 =
𝜂𝑑
2
⋅
(𝐹𝑑
𝑇)𝑖⁡(𝑢𝑑)𝑖
(𝐹𝑇)𝑖⁡(𝑢)𝑖
 
(5-78) 
where,  
𝐹𝑑= the vector of damper forces;  
𝑢𝑑= the vector of damper deformations; 
𝐹= the vector of applied static lateral forces; and  
𝑢= the vector of floor lateral displacements.  
Good agreement is observed between the LFE and the MSE methods when the deflected 
shape in the LFE method, (𝑢)𝑖, is close to the mode shape vector used in the MSE 
method, 𝜙𝑖 (Sause, et al., 1994). 
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5.7 Simplified Design Procedure for Frame Buildings with Viscoelastic or 
Elastomeric Structural Dampers 
The simplified design procedure (SDP) was developed for the design of MDOF 
frame systems with viscoelastic or elastomeric dampers (Lee, et al., 2005). The SDP 
uses elastic-static analysis to determine the required damper properties to satisfy the 
desired seismic performance. Figure 5-11 shows a flowchart of the SDP. It includes the 
following steps:  
Step 1.  Establish performance objectives and design criteria: 
The desired seismic performance level, such as immediate occupancy, life safety 
or collapse prevention, under the specified hazard levels, such as FOE, DBE or MCE 
should be established in this step. To achieve the target performance, the detailed design 
criteria such as story drift limits and internal forces of the members are established. 
Step 2.  Idealize dampers as a VE material with an equivalent stiffness and loss factor: 
As shown in Chapter 4, dampers can be modeled as a viscoelastic material with 
a static stiffness and a loss factor at different deformation amplitudes, excitation 
frequencies, and ambient temperatures. Lee (2005) mentions that the dependence of 𝜂𝑑 
on excitation frequency and ambient temperature is small for elastomeric dampers, and 
that using the minimum value of 𝜂𝑑 over a frequency range near the first-mode natural 
frequency and within a design temperature range will provide sufficiently accurate and 
conservative results.  
Step 3.  Determine design temperature range: 
The design temperature range needs to be set to verify that the designed structure 
has the desired behavior in the design temperature range. 
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Step 4.  Select brace stiffness and range of damper stiffness as ratios of the associated 
MRF stiffness, and select damper locations: 
Lee (2005) recommended a range of 𝛽 from 0.5 to 5 and a range of 𝛼 between 
10 to 30 to maximize the damper energy dissipation. Note that using the parameter β 
makes the calculations independent of the nonlinearity of an actual damper stiffness 
with respect to damper deformation amplitude.  
Step 5. For each damper stiffness (𝛽), perform an elastic-static analysis of the MRF 
with dampers: 
Perform a series of elastic-static analysis with the range of 𝛽 values defined in 
Step 4 using the elastic-static analysis procedure (ESAP) discussed later. 
Step 6.  Compare structural response for each β to the performance objectives and 
design criteria in Step 1. 
Step 7.  Select a suitable value for β that meets the performance objectives and design 
criteria in Step 1. 
Step 8.  Assess structural response at low-end of the design temperature range: 
The 𝛽 selected in Step 7 is assumed to represent the damper stiffness at the high-
end temperature of the design temperature range where the damping material is most 
flexible. When the temperature decreases, the damped system behavior changes due to 
the increased damper stiffness, so the structural response at the low end temperature is 
investigated. The value of 𝛽𝑙𝑜𝑤 (𝛽 at the low-end temperature) can be obtained from the 
value of 𝛽ℎ𝑖𝑔ℎ (𝛽 at the high-end temperature from Step 7) by solving iteratively the 
following equation: 
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𝛽𝑙𝑜𝑤 =
𝑘𝑑
′ (𝑙𝑜𝑤 − 𝑒𝑛𝑑⁡𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝜔𝑙𝑜𝑤(𝛽𝑙𝑜𝑤))
𝑘𝑑
′ (𝑙𝑜𝑤 − 𝑒𝑛𝑑⁡𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝜔ℎ𝑖𝑔ℎ(𝛽𝑙𝑜𝑤))
𝛽ℎ𝑖𝑔ℎ 
(5-79) 
where, 
𝑘𝑑
′ (𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝜔)= the damper elastic stiffness as a function of temperature 
and frequency; 
𝜔𝑙𝑜𝑤(𝛽𝑙𝑜𝑤)= the damper frequency at the low-end temperature as a function of 
𝛽𝑙𝑜𝑤; and  
𝜔ℎ𝑖𝑔ℎ(𝛽ℎ𝑖𝑔ℎ)= the damper frequency at the high-end temperature as a function 
of 𝛽ℎ𝑖𝑔ℎ.  
It is assumed that 𝜔𝑙𝑜𝑤(𝛽𝑙𝑜𝑤) and 𝜔ℎ𝑖𝑔ℎ(𝛽ℎ𝑖𝑔ℎ) are the first-mode natural 
frequencies of the damped system at the low-end and high-end temperatures, 
respectively. When 𝛽𝑙𝑜𝑤 is determined, the structural response at the low-end 
temperature is obtained from Step 5 results and compared with the design criteria as in 
Step 6. 
Step 9.  Design dampers in accordance with selected minimum value of β determined 
in Step 7: 
By knowing the required 𝛽 value and the damper deformation at each story; 
using the damper properties extracted in Chapter 4, the required number of dampers 
could be found. 
The ESAP for the damped MDOF frame systems consists of the following steps: 
Step 1.  Estimate 1st mode deflected shape of MRF with dampers 
Step 2.  Estimate 1st mode period of MRF with dampers 
Step 3.  Estimate 1st mode equivalent damping ratio using the energy method 
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Step 4.  Determine the seismic design base shear from the design spectrum; reduce 
spectrum for damping ratio established in Step 3 for MRF with dampers: 
The seismic coefficient, 𝐶𝑠, is a function of the first mode period, 𝑇1, strength 
reduction factor, 𝑅, and other factors. Design specifications provide a design spectrum 
based on a 5% damping ratio. ASCE 7-10 (2010) allows a reduction in the design base 
shear for greater damping ratios using numerical coefficients listed in Table 3-2, which 
are called damping reduction factors (DRF) in this study and identified in Table 3-2 as 
𝐵1.   
Step 5.  Compute equivalent lateral forces (ELF): 
The equivalent lateral forces are calculated as: 
𝐸𝐿𝐹 = 𝛤𝑀𝑢 𝐶𝑠 𝑔 (5-80) 
where,  
𝑀= the mass matrix;  
𝑢= the vector of first-mode floor lateral displacements;  
𝛤= the participation factor; and  
𝑔= the gravity acceleration. 
Step 6.  Perform elastic-static analysis of MRF with dampers under 𝐸𝐿𝐹 from Step 5.  
Step 7.  Correct the response from Step 6 considering the simplifications in the 
analytical model: 
The damper forces and column forces in the bays with dampers, from the elastic-
static analysis should be amplified by 𝐴𝐹 ∙ 𝑀𝐹 to account for the difference between 
the equivalent elastic-viscous model and the simplified elastic-viscous model. Member 
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forces such as shear and moment in the beams and columns, are mainly dependent on 
frame lateral deformations and do not need to be amplified.  
Steps 1-7 of the ESAP are repeated for each value of 𝛽. Note that Steps 1 and 2 
of the ESAP can be replaced by an eigenvalue analysis and Steps 4-6 of the ESAP could 
be replaced by a response spectrum analysis. 
5.8 Analytical Models for Damped Systems Including the Effect of Flexibility of 
Structural Members in Series with Dampers 
The flexibility of structural members in a damped system reduces the 
deformation experienced by dampers and consequently reduces the damping ratio and 
efficiency of the system. As discussed in Section 5.2, Lee (2003) and Fan (1998) 
developed analytical models that assume the dampers are in series with only the braces; 
neglecting the flexibility of other structural members. In this section the effect of the 
flexibility of structural members on the behavior of a damped system is investigated.  
5.8.1 Analytical Models for Damper-DBF and Damper-DBF-Frame Systems  
Although it is more practical to put dampers directly in MRFs, in this section it 
is assumed that dampers are located in a separate braced frame called the damped braced 
frame (DBF). The separation of MRF and DBF separates the framing action from the 
damper forces and simplifies the problem. A structurally determinate damped braced 
frame (DBF) shown in Figure 5-12 is studied to investigate the different sources of 
flexibilities and the importance of each source on the system behavior. Using a 
determinate structural system allows separating the story deformations to uncoupled 
deformation modes and provides closed form equations for the deformation and 
stiffness of each of these flexibility mode. The dampers of each story of DBF shown in 
124 
 
Figure 5-12 are located symmetrically with respect to the center line, with an 
eccentricity of 𝑒𝑖 with respect to the bottom floor beam of story 𝑖. The parameters 
defining the geometry of the structure are: 
𝑙= the bay width;  
ℎ𝑖= the elevation of story 𝑖; 
𝑙′= the distance between the damper-beam connection and column centerline; 
and  
𝜃𝑏𝑖= the brace angle of story 𝑖.  
The story deformation, 𝛥𝑖, is defined as:  
𝛥𝑖 = 𝑢𝑖 − 𝑢𝑖−1 (5-81) 
where 𝑢𝑖 is the lateral displacement at the beam centerline of floor 𝑖. 
Figure 5-13 shows story deformations due to six uncoupled deformation modes 
from lateral loading that are associated with: flexibility of dampers; flexibility of braces; 
flexibility of inter-story columns; flexibility of columns in lower stories (story rigid 
rotation); flexural flexibility of story bottom floor beam; and, flexibility of damper beam 
connection. In this chapter the story deformation and stiffness corresponding to each 
flexibility mode is presented. The derivations of equations presented in this section can 
be found in Appendix A.  
The total damper stiffness in story 𝑖 is equal to 𝑘𝑑𝑖
′ , with half of the damper 
stiffness located at each side of the story centerline. Assuming that the DBF with 
dampers is in parallel with an MRF with story stiffness of 𝑘0𝑖 in story 𝑖, the damper 
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stiffness could be expressed as 𝑘𝑑𝑖
′ = 𝛽𝑖 ∙ 𝑘0𝑖. The story deformation due to the 
flexibility of the dampers (Figure 5-13 (a)) can be written as: 
𝛥𝑑𝑖 = 𝑢𝑑𝑖 =
𝑃𝑑𝑖
𝑘𝑑
′
𝑖
=
𝑉𝐷𝐵𝐹𝑖
𝛽𝑖 ⋅ 𝑘0𝑖
 
(5-82) 
where,  
𝛥𝑑𝑖= story deformation of story 𝑖 due to flexibility of the dampers;  
𝑢𝑑𝑖= damper deformation of story 𝑖;  
𝑃𝑑𝑖= total damper force in story 𝑖; and 
𝑉𝐷𝐵𝐹𝑖= DBF story shear in story 𝑖. 
The story deformation due to the flexibility of the braces (Figure 5-13 (b)) can 
be expressed as: 
𝛥𝑏𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝑘𝑏
=
𝑉𝐷𝐵𝐹𝑖
4
𝐴𝑏𝑖 . 𝐸
𝑙 ⋅ 𝑐𝑜𝑠
3(𝜃𝑏𝑖)
 
(5-83) 
where, 
 𝛥𝑏𝑖= story deformation of story 𝑖 due to flexibility of the braces; 
𝑘𝑏 = story stiffness associated with braces;  
𝐴𝑏𝑖= cross section area of one brace for story 𝑖; and 
𝐸= modulus of elasticity.  
The story deformation due to the axial flexibility of the inter-story columns ( 
Figure 5-13 (c)) can be written as:  
𝛥𝑐𝑜𝑙_𝐼𝑆𝑖 =
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
⋅ 𝐸
2 ⋅
𝑙2
ℎ𝑖 ⋅ (ℎ𝑖 − 𝑒𝑖)
 
(5-84) 
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where,  
𝛥𝑐𝑜𝑙_𝐼𝑆𝑖= story deformation of story 𝑖 due to axial flexibility of inter-story 
columns; 
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
= DBF story moment at the working point (WP), where braces                
intersect each other; and 
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
= column cross section area of one column of story 𝑖.  
Note that the story deformation due to this deformation mode depends on the story 
moment rather than the story shear, and it is therefore a function of the lateral force 
pattern. The story stiffness of the story 𝑖 inter-story column deformation mode, 𝑘𝑐𝑜𝑙_𝐼𝑆𝑖, 
can be written as: 
𝑘𝑐𝑜𝑙_𝐼𝑆𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝛥𝑐𝑜𝑙_𝐼𝑆𝑖
=
𝑉𝐷𝐵𝐹𝑖 ⋅ 𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
⋅ 𝐸 ⋅
𝑙2
ℎ𝑖 ⋅ (ℎ𝑖 − 𝑒𝑖)
⁡
2𝑀𝑊𝑃𝐷𝐵𝐹𝑖
 
(5-85) 
The axial flexibility of columns in story 𝑖 creates a difference between rotations 
of floors 𝑖 and 𝑖 − 1 (Figure 5-13 (c)), where: 
𝛥𝜃𝑖 =
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
⋅ 𝐸
2 ⋅
𝑙2
ℎ𝑖
 
(5-86) 
At story 𝑖, the flexibility of the columns in the lower stories creates a rigid story rotation 
of 𝜃𝑖 (Figure 5-13 (d)), where: 
  𝜃𝑖 = 𝜃𝑖−1 + 𝛥𝜃𝑖−1 = ∑ 𝛥𝜃𝑗
𝑖−1
𝑗=1  (5-87) 
This rigid body story rotation creates the story deformation (Figure 5-13 (d)) 𝛥𝑐𝑜𝑙_𝐿𝑆𝑖: 
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𝛥𝑐𝑜𝑙_𝐿𝑆𝑖 = 𝜃𝑖 . ℎ𝑖 = (∑𝛥𝜃𝑗
𝑖−1
𝑗=1
) ⋅ ℎ𝑖 =
(
 
 
∑
𝑀𝑊𝑃𝐷𝐵𝐹𝑗
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑗
. 𝐸
2 ⋅
𝑙2
ℎ𝑖
𝑖−1
𝑗=1
)
 
 
. ℎ𝑖  
(5-88) 
Note that the story deformation of this deformation mode depends on the lower story 
moments rather than the story shear. The story stiffness corresponding to this mode, 
𝑘𝑐𝑜𝑙_𝐿𝑠𝑖, can be written as:  
𝑘𝑐𝑜𝑙_𝐿𝑆𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝛥𝑐𝑜𝑙_𝐿𝑆𝑖
=
𝑉𝐷𝐵𝐹𝑖
(
 
 
∑
𝑀𝑊𝑃𝐷𝐵𝐹𝑗
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑗
. 𝐸
2 ⋅
𝑙2
ℎ𝑖
𝑖−1
𝑗=1
)
 
 
⋅ ℎ𝑖
 
(5-89) 
The eccentric story damper forces apply bending moments on the bottom floor 
beam, creating the deformation mode shown in Figure 5-13 (e). The story deformation 
due to this mode, 𝛥𝑏𝑒𝑎𝑚𝑖, can be calculated as:  
𝛥𝑏𝑒𝑎𝑚𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝑘𝑏𝑒𝑎𝑚𝑖
=
𝑉𝐷𝐵𝐹𝑖
12
𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖−1
𝑙
(1 − 6
𝑙′
𝑙 + 12 (
𝑙′
𝑙 )
2
) ⋅ 𝑒𝑖2
 
(5-90) 
where 𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖−1 represents the moment of inertia of the beam in floor 𝑖 − 1 (the 
bottom floor beam of story 𝑖).  
Note that locating dampers on both sides of the frame centerline is very effective 
in stiffening this deformation mode, as shown in Figure 5-14. When the dampers are 
located only on one side of the frame, the stiffness of this mode is: 
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𝑘𝑏𝑒𝑎𝑚𝑖 =
3
𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙
(1 − 3
𝑙′
𝑙 + 3 (
𝑙′
𝑙 )
2
) ⋅ 𝑒𝑖2
 
(5-91) 
The last story deformation mode explained in this section is the damper-beam 
connection deformation mode shown in Figure 5-13 (f). The damper-beam connection 
experiences shear and flexural deformations subjected to the damper force. The story 
deformation of story 𝑖 due to the flexibility of the damper-beam connection, 𝛥𝑐𝑜𝑛𝑛𝑖, can 
be written as:  
𝛥𝑐𝑜𝑛𝑛𝑖 =
(𝑉𝐷𝐵𝐹𝑖 2⁄ ). 𝑒𝑖
𝐺. 𝐴𝑐𝑜𝑛𝑛𝑖
∗
+
(𝑉𝐷𝐵𝐹𝑖 2⁄ ). 𝑒𝑖
3
3𝐸𝐼𝑐𝑜𝑛𝑛𝑖
 
(5-92) 
The stiffness of this flexibility mode is calculated as: 
𝑘𝑐𝑜𝑛𝑛𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝛥𝑐𝑜𝑛𝑛𝑖
=
1
1
2
𝐺𝐴𝑐𝑜𝑛𝑛𝑖
∗
𝑒𝑖
+
1
6
𝐸𝐼𝑐𝑜𝑛𝑛𝑖
𝑒𝑖3
 
(5-93) 
where, 
𝑘𝑐𝑜𝑛𝑛𝑖= stiffness of story 𝑖 damper-beam connection flexibility mode; 
𝐺= shear modulus; and  
𝐴𝑐𝑜𝑛𝑛𝑖
∗ = shear area of one damper-beam connection in story 𝑖; and 
𝐼𝑐𝑜𝑛𝑛𝑖= moment of inertia of one damper-beam connection in story 𝑖. 
Considering the described deformation modes, the total deformation of story 𝑖 is equal 
to:  
𝛥𝑖 = 𝑢𝑑𝑖 + 𝛥𝐷𝐵𝐹𝑖 = 𝛥𝑑𝑖 + (𝛥𝑏𝑖 + 𝛥𝑐𝑜𝑙−𝐼𝑆𝑖 + 𝛥𝑐𝑜𝑙−𝐿𝑆𝑖 + 𝛥𝑏𝑒𝑎𝑚𝑖 + 𝛥𝑐𝑜𝑛𝑛𝑖) (5-94) 
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In Eq. (5-94) 𝛥𝐷𝐵𝐹𝑖 represents the story 𝑖 deformation of the DBF due to the flexibility 
of the DBF members, excluding the dampers. Consequently, the DBF story stiffness is 
defined as the story stiffness of the DBF excluding the flexibility of the dampers as: 
𝑘𝐷𝐵𝐹𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝛥𝐷𝐵𝐹𝑖
=
𝑃𝑑𝑖
𝛥𝑖 − 𝑢𝑑𝑖
 
(5-95) 
Alternatively the DBF story stiffness can also be found using rigid elements as dampers 
and performing a linear elastic analysis. 
Similar to the normalized brace stiffness, α, the normalized DBF stiffness at 
story 𝑖, 𝛼𝐷𝐵𝐹𝑖,  also called the generalized 𝛼 in this study, can be defined as:  
𝛼𝐷𝐵𝐹𝑖 =
𝑘𝐷𝐵𝐹𝑖
𝑘0𝑖
 
(5-96) 
Similarly the stiffness of each deformation mode (i.e., 𝑘𝑏𝑖,⁡𝑘𝑐𝑜𝑙−𝑡𝑟𝑖, 𝑘𝑐𝑜𝑙−𝑟𝑜𝑡𝑖, 𝑘𝑏𝑒𝑎𝑚𝑖, 
𝑘𝑐𝑜𝑛𝑛𝑖) can be normalized by the MRF story stiffness, 𝑘0𝑖, to define the normalized 
stiffness of each deformation mode (i.e., 𝛼𝑏𝑖,⁡𝛼𝑐𝑜𝑙−𝑡𝑟𝑖,⁡𝛼𝑐𝑜𝑙−𝑟𝑜𝑡𝑖,⁡𝛼𝑏𝑒𝑎𝑚𝑖, 𝛼𝑐𝑜𝑛𝑛𝑖). 
The same analytical models developed for SDOF damper-brace and damper-
brace-frame systems could be generalized to SDOF damper-DBF and damper-DBF-
frame systems, by replacing the brace properties by the DBF properties as shown in 
Figure 5-15 (a) and (b). For example, the linear viscoelastic model of a SDOF damper-
DBF system shown in Figure 5-15 (a) is developed by replacing 𝑘𝑏 by 𝑘𝐷𝐵𝐹 in Figure 
5-2. All the derivations of the SDOF damper-brace and damper-brace-frame systems 
can be applied to a damper-DBF and damper-DBF-frame systems by replacing the brace 
properties by DBF properties. Similarly the model of a SDOF damper-DBF or damper-
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DBF-frame system could be generalized to a MDOF damper-DBF or damper-DBF-
frame system as shown in Figure 5-15 (c) and (d). 
5.8.2 Case Study on Relative Significance of DBF Deformation Modes 
To show the importance of each deformation mode, a case study is performed 
on a three-story single bay DBF in this section. This DBF is a simplified model of the 
0.6-scale DBF that will be explained in detail in Chapter 6 and used for experimental 
studies. The DBF dimensions are as follows: 
 𝑙 = 180⁡(𝑖𝑛); 
𝑙′ = 38.5⁡(𝑖𝑛); 
ℎ1 = ℎ2 = ℎ3 = ℎ = 90⁡(𝑖𝑛); 
 𝑒1 = 𝑒2 = 𝑒3 = 𝑒 = 16.0⁡(𝑖𝑛); and 
𝜃𝑏 = 39.43
𝑜.  
The same column, beam, brace and damper-beam connection sections are used in all 
stories: 
Brace section=HSS8*6*3/8, 𝐴𝑏 = 8.97⁡(𝑖𝑛
2); 
Column section=W8*67, 𝐴𝑐𝑜𝑙 = 19.7⁡(𝑖𝑛
2);  
Beam section=W12*40, 𝐼𝑏𝑒𝑎𝑚 = 307⁡(𝑖𝑛
4); and 
Damper-beam connection section=W16*89, 𝐼𝑐𝑜𝑛𝑛 = 1310⁡(𝑖𝑛
4), 𝐴𝑐𝑜𝑛𝑛
∗ =
8.82⁡(𝑖𝑛2).  
The DBF is assumed to act in parallel with an MRF with story stiffnesses of 
𝑘01 = 184.2, 𝑘02 = 114.9 and 𝑘03 = 56.2⁡(𝐾𝑖𝑝𝑠 𝑖𝑛⁄ ) for stories 1, 2 and 3, 
respectively. 
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To show the effect of the lateral load pattern on the DBF stiffness, a base shear 
of 100 kips was applied to the structure with both a linear and a quadratic load pattern 
over the height of the structure. Table 5-2 summarizes the applied lateral loads, story 
shears and story moments at the working point (WP), corresponding to the linear and 
quadratic load patterns. Note that the story shears of the quadratic load pattern are 
greater by about 11 and 29% than the linear load pattern at the 2nd and 3rd stories, 
respectively. The WP story moments of the quadratic load pattern are greater by about 
10, 18 and 29%, than the linear load pattern for the 1st, 2nd and 3rd stories, respectively.    
Table 5-3 summarizes the contribution of each deformation mode to the total 
story drift. For a linear load pattern, the deformations due to the flexibility of the braces  
account for only about 52, 42 and 32% of the total deformations (i.e., story drift) in the 
DBF for the 1st, 2nd and 3rd stories, respectively, indicating that deformations in other 
members are not negligible.  
Table 5-4 summarizes story stiffness corresponding to each deformation mode. 
The story stiffness of the brace deformation mode, floor beam deformation mode and 
damper-beam connection deformation mode are independent of the load pattern. The 
story stiffness of the inter-story column deformation mode and story rigid rotation 
deformation mode depend on the lateral load pattern. The 𝑘𝑐𝑜𝑙_𝐼𝑆 values are smaller for 
the quadratic load pattern compared to the linear load pattern because the story moments 
increase more than the story shears when the load pattern changes from linear to 
quadratic. However, the 𝑘𝑐𝑜𝑙_𝐿𝑆 values are greater for the quadratic load pattern 
compared to the linear load pattern. For example, at the 2nd story the deformation of the 
rigid rotation deformation mode depends on the 1st story WP moment, which increases 
132 
 
by a smaller percentage compared to the 2nd story shear when the load pattern changes 
from linear to quadratic. 𝑘𝑐𝑜𝑙_𝐼𝑆 decreases by about 9, 6 and 0%, while 𝑘𝑐𝑜𝑙𝑟𝑜𝑡 increases 
by about 0, 1 and 14% for the 1st, 2nd and 3rd stories, respectively, when the load pattern 
changes from linear to quadratic. The results show that the stiffness of the inter-story 
column and the story rigid rotation deformation modes modestly depend on the applied 
lateral load pattern.   
Table 5-5 summarizes the normalized stiffness, 𝛼, of each deformation modes. 
Note that having the same 𝑘𝑏, 𝑘𝑏𝑒𝑎𝑚 and 𝑘𝑐𝑜𝑛𝑛 in all stories will lead to larger 
corresponding α values in the upper stories. Iin this example the overall 𝛼𝐷𝐵𝐹 values 
have less than 6% difference between the two load patterns. The 𝛼𝐷𝐵𝐹 is about 52, 42 
and 32% of 𝛼𝑏 subjected to a linear lateral load pattern and 51, 42 and 34% of 𝛼𝑏 
subjected to a quadratic lateral load pattern at the 1st, 2nd and 3rd stories, respectively, 
indicating that neglecting the flexibility of members other than braces will lead to a 
significant over estimation of the DBF stiffness. At the lower stories, the brace, inter-
story column and lower floor beam deformation modes are the main sources of 
flexibility; however, in the upper stories the rigid story rotation deformation mode due 
to axial deformation of the columns in the lower stories is more important. 
5.8.3 Analytical Models for Damper-Frame Systems 
In Section 5.5.1 it was assumed that dampers of a damped system are located in 
a truss called the DBF which act in parallel with a framed system. However, it is more 
practical to put dampers in a steel MRF rather than designing a separate DBF for the 
dampers. For such structures it is still possible to model the structure as a damper-DBF-
frame system. The DBF stiffness represents the stiffness of the components of the 
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structure that deform in series with the dampers. Similar to Eq. (5-95) the DBF story 
stiffness can be found by performing an elastic-static analysis of the damper-frame 
system where: 
𝑘𝐷𝐵𝐹𝑖 =
𝑃𝑑𝑖
𝛥𝑖 − 𝑢𝑑𝑖
 
(5-97) 
The frame stiffness can be defined as: 
𝑘0𝑖 =
𝑉𝑖 − 𝑃𝑑𝑖
𝛥𝑖
 
(5-98) 
Where 𝑉𝑖 is the story shear at story 𝑖. The frame stiffness (𝑘0𝑖 in Eq. (5-98)) 
includes the resistance of all members that cause story shear other than the dampers 
(MRF columns, DBF columns if they have moment resistance, gravity load resisting 
columns, etc).  
Knowing 𝑘0, 𝑘𝑑
′  and 𝑘𝐷𝐵𝐹 the analytical models introduced in Figure 5-15 can 
then be utilized.  
5.8.4 Response Correction of MDOF Damper-DBF-Frame and Damper-Frame 
systems 
Replacing the brace properties by the DBF stiffness, the response correction 
procedure of a SDOF damper-brace or damper-brace-frame system can be generalized 
to the response correction of a SDOF damper-DBF, damper-DBF-frame, or damper-
frame system. The amplification and modification factors for each story of a MDOF 
damper-DBF or damper-DBF-frame system could be calculated similar to a SDOF 
system. For example for story 𝑖 of a damper-DBF system one can write: 
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𝐴𝐹𝑑+𝐷𝐵𝐹𝑖 =
𝑘𝑒𝑞𝑑+𝐷𝐵𝐹𝑖
𝑘𝑑+𝐷𝐵𝐹𝑖
′ = √1 + 𝜂𝑑+𝐷𝐵𝐹𝑖
2 
(5-99) 
𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑖 =
𝑘𝑑+𝐷𝐵𝐹𝑖
′
𝑘𝑑+𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑖
′ =
𝜇(𝛼𝐷𝐵𝐹𝑖 + 𝛽𝑖)
(𝛼𝐷𝐵𝐹𝑖 + 𝜇𝑖𝛽𝑖)
 
(5-100) 
where: 
𝜂𝑑+𝐷𝐵𝐹𝑖 =
𝜂𝑑𝑖
𝜇𝑖 ⋅ (1 +
𝑘𝑑𝑖
′
𝑘𝐷𝐵𝐹𝑖
)
 (5-101) 
𝜇𝑖 = 1 +
𝜂𝑑𝑖
2
1 +
𝑘𝐷𝐵𝐹𝑖
𝑘𝑑𝑖
′
 
(5-102) 
The damper forces, DBF brace axial forces, and DBF beam shear forces at story 
𝑖 should be amplified by 𝐴𝐹𝑑+𝐷𝐵𝐹𝑖 ⋅ 𝑀𝐹𝑑+𝐷𝐵𝐹𝑖. However, modification of the column 
axial forces of a story does not only depend on the amplification and modification 
factors in that story.  To further investigate the problem, the damper forces, brace axial 
forces, beam shear forces, and column axial forces of the top two stories of a typical 
DBF defined in Figure 5-12 are shown in the Figure 5-16, where:  
𝑃𝑐𝑜𝑙𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑛= DBF column axial force at story 𝑛 obtained from a static analysis 
using the simplified elastic-viscous model; 𝑉𝑏𝑒𝑎𝑚𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑛= DBF beam shear force at 
story 𝑛 obtained from a static analysis using the simplified elastic-viscous model;  
𝐹𝑑,𝑠𝑖𝑚𝑝𝑛= damper force at story 𝑛 obtained from a static analysis using the 
simplified elastic-viscous model. 
At story 𝑛 the DBF column axial force is directly related to the damper force 
and brace axial force in the story. Consequently, the DBF column axial force should be 
modified using the amplification and modification factors of that story: 
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𝑃𝑐𝑜𝑙𝐷𝐵𝐹𝑛 = 𝑃𝑐𝑜𝑙𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑛 . 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑛 . 𝐴𝐹𝑑+𝐷𝐵𝐹𝑛  (5-103) 
However the DBF column axial forces at the lower stories also depend on the 
axial forces of the upper story columns and the beam shear forces. Assuming that the 
maximum damper forces (and consequently the maximum column axial force) in all 
stories are in phase (i.e., assuming all stories have the same 𝜂𝑑 and 𝛼 𝛽⁄  values), it can 
be written that:  
𝑃𝑐𝑜𝑙𝐷𝐵𝐹𝑛−1 = 𝑃𝑐𝑜𝑙𝐷𝐵𝐹𝑛 + 𝑉𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑛−1 + 0.5𝐹𝑑𝐷𝐵𝐹𝑛−1 . tan⁡(𝜃𝑏𝑛−1) (5-104) 
where,  
𝑉𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑛−1 = 𝑉𝑏𝑒𝑎𝑚𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑛−1 . 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑛 . 𝐴𝐹𝑑+𝐷𝐵𝐹𝑛  (5-105) 
𝐹𝑑𝑛−1 = 𝐹𝑑,𝑠𝑖𝑚𝑝𝑛−1 . 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑛−1 . 𝐴𝐹𝑑+𝐷𝐵𝐹𝑛−1  (5-106) 
So, in general the DBF column axial forces of story 𝑖 found from elastic analysis 
should be modified as follows: 
𝑃𝑐𝑜𝑙𝐷𝐵𝐹𝑖
=
{
 
 
 
 𝑃𝑐𝑜𝑙𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑖
. 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑖 . 𝐴𝐹𝑑+𝐷𝐵𝐹𝑖 ,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝑖 = 𝑛
⁡
𝑃𝑐𝑜𝑙𝐷𝐵𝐹𝑖+1
+ 𝑉𝑏𝑒𝑎𝑚𝐷𝐵𝐹,𝑠𝑖𝑚𝑝𝑖
. 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑖+1 . 𝐴𝐹𝑑+𝐷𝐵𝐹𝑖+1⁡ +⁡⁡⁡⁡⁡
0.5𝐹𝑑,𝑠𝑖𝑚𝑝𝑖 . tan(𝜃𝑏𝑖).⁡𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑖 . 𝐴𝐹𝑑+𝐷𝐵𝐹𝑖 , 𝑓𝑜𝑟⁡𝑖 ≠ 𝑛
 (5-107) 
Note that modifying the DBF column axial forces using Eq. (5-107) is 
conservative because it is assumed that the maximum dynamic forces of all stories occur 
at the same time. For other brace arrangements Eq. (5-103) to Eq. (5-107) may not be 
valid. 
When the AF⋅MF factors in all stories are close in value, the column axial forces 
of a story can be modified using the amplification and modification factors of the story 
without significant error.  
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5.9 Summary 
In this chapter the SDOF analytical models developed by Fan (1998) for systems 
with viscoelastic dampers were reviewed. The methods of approximating the natural 
periods and damping ratios of a MDOF VE-damped system using simplified elastic-
viscous models were described and the simplified design procedure for the design of 
structures with viscoelastic and elastomeric dampers by Lee, et al. ( 2005) was 
presented. The effect of the flexibility of structural members other than braces on the 
efficiency of a damped system was investigated, and the analytical models developed 
by Fan (1998) were generalized to include the effect of the flexibility of structural 
members that act in series with dampers.  
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Table 5-1. Damping reduction factors, (ASCE 7-10, 2010) 
Damping Ratio (%) ⁡⁡𝑩𝟏⁡⁡ 
< 2 0.8 
5 1.0 
10 1.2 
20 1.5 
30 1.8 
40 2.1 
50 2.4 
60 2.7 
70 3.0 
80 3.3 
90 3.6 
≥ 100 4.0 
 
Table 5-2. Lateral forces, story lateral shears and WP story moments of DBF subjected 
to linear and quadratic lateral load patterns 
Lateral Load 
Pattern 
Floor Lateral 
Load kips 
Story 𝑽𝑫𝑩𝑭⁡(𝒌𝒊𝒑𝒔)  
𝑴𝑾𝑷𝑫𝑩𝑭 
(𝒌𝒊𝒑𝒔 − 𝒊𝒏) 
Linear 
16.67 1 100 19400 
33.33 2 83.33 10666 
50 3 50 3700 
Quadratic 
7.14 1 100 21543 
28.57 2 92.86 12657 
64.29 3 64.29 4757 
 
Table 5-3. Contribution of the various deformation modes to total story drift 
Lateral Load Pattern Story 
𝜟𝒃⁡ 
(𝜟𝑫𝑩𝑭)   
𝜟𝒄𝒐𝒍_𝑰𝑺⁡ 
(𝜟𝑫𝑩𝑭) 
𝜟𝒄𝒐𝒍_𝑳𝑺⁡ 
(𝜟𝑫𝑩𝑭) 
𝜟𝒃𝒆𝒂𝒎⁡ 
(𝜟𝑫𝑩𝑭) 
𝜟𝒄𝒐𝒏𝒏⁡ 
(𝜟𝑫𝑩𝑭) 
Linear 
1 0.52 0.19 0 0.16 0.14 
2 0.42 0.10 0.23 0.13 0.11 
3 0.32 0.05 0.45 0.10 0.09 
Quadratic 
1 0.51 0.21 0 0.15 0.13 
2 0.42 0.11 0.23 0.13 0.11 
3 0.34 0.05 0.42 0.10 0.09 
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Table 5-4. Stiffness of the various deformation modes 
Lateral 
Load 
Pattern 
Story 
𝒌𝒃⁡ 
(𝒌𝒊𝒑𝒔/
𝒊𝒏)   
𝒌𝒄𝒐𝒍𝒕𝒓 ⁡ 
(𝒌𝒊𝒑𝒔
/𝒊𝒏) 
𝒌𝒄𝒐𝒍𝒓𝒐𝒕 ⁡ 
(𝒌𝒊𝒑𝒔
/𝒊𝒏) 
𝒌𝒃𝒆𝒂𝒎⁡ 
(𝒌𝒊𝒑𝒔
/𝒊𝒏) 
𝒌𝒄𝒐𝒏𝒏⁡ 
(𝒌𝒊𝒑𝒔
/𝒊𝒏) 
𝒌𝑫𝑩𝑭⁡ 
(𝒌𝒊𝒑𝒔
/𝒊𝒏) 
Linear 
1 2664 7163 ∞ 8728 10106 1373 
2 2664 10860 4908 8728 10106 1130 
3 2664 18780 1900 8728 10106 855 
Quadratic 
1 2664 6451 ∞ 8728 10106 1344 
2 2664 10190 4925 8728 10106 1124 
3 2664 18780 2148 8728 10106 902 
 
Table 5-5. Normalized stiffness of the various deformation modes 
Lateral Load Pattern Story 𝜶𝒃 𝜶𝒄𝒐𝒍𝒕𝒓  𝜶𝒄𝒐𝒍𝒓𝒐𝒕  𝜶𝒃𝒆𝒂𝒎 𝜶𝒄𝒐𝒏𝒏 𝜶𝑫𝑩𝑭 
Linear 
1 14.5 38.9 ∞ 47.4 54.9 7.45 
2 23.2 94.5 42.7 76.0 88.0 9.8 
3 47.4 334.3 33.8 155.4 179.9 15.2 
Quadratic 
1 14.5 35.0 ∞ 47.4 54.85 7.30 
2 23.2 88.8 42.9 76.0 87.99 9.8 
3 47.4 334.3 38.2 155.4 179.9 16.1 
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(a) Linear viscoelastic model 
 
(b) Equivalent elastic-viscous model 
Figure 5-1. Analytical models for damper (Adapted from Fan 1998) 
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(a) Linear viscoelastic model 
 
(b) Equivalent viscoelastic model 
 
(c) Equivalent elastic-viscous model 
 
(d) Simplified elastic-viscous model 
Figure 5-2. Analytical models for damper-brace system (Adapted from Fan 1998 and 
Lee 2003) 
141 
 
  
           (a) 𝜇 Parameter                                        (b) Elastic Stiffness 
  
                           (c) Loss Factor                                        (d) Equivalent Stiffness 
Figure 5-3. Comparison of the linear viscoelastic and simplified elastic-viscous models 
for damper-brace component  
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Figure 5-4. Comparison of hysteresis loops of the equivalent viscoelastic and the 
simplified elastic-viscous models for the damper–brace component (adapted 
from Lee (2003)) 
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(a) Linear viscoelastic model 
 
(b) Equivalent viscoelastic model 
 
(c) Equivalent elastic-viscous model 
 
(d) Simplified elastic-viscous model 
Figure 5-5. Analytical models for damped system including damper, brace and frame 
(Adapted from Fan 1998) 
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                       (a) Elastic stiffness                                            (b) Loss factor 
Figure 5-6. Comparison of the equivalent viscoelastic model and the simplified elastic-
viscous model for the damper-brace-frame system with 𝛽 = 1.0  
 
 
                      (a) Elastic stiffness                                            (b) Loss factor 
Figure 5-7. Comparison of the equivalent viscoelastic model and the simplified elastic-
viscous model for the damper-brace-frame system with 𝛼 = 30  
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Figure 5-8. Comparison of hysteresis loops of the equivalent viscoelastic and the 
simplified elastic-viscous models for a damper-brace-frame with 𝛼 = 30, 
(adapted from Lee (2003)) 
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Figure 5-9. Amplification and modification factors for VE damped systems, with 𝛼 =
30, (adapted from Fan (1998)) 
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(a) Linear viscoelastic model for NDTHA 
 
(b) Simplified elastic-viscous for static analysis 
 
Beam 1,2,3 
EA→∞ 
EI=2.7e7 (𝐾𝑖𝑝𝑠 − 𝑖𝑛2) 
Col. 1,4 
EA=7.5e5 (𝐾𝑖𝑝𝑠) 
EI=7.0e6 (𝐾𝑖𝑝𝑠 − 𝑖𝑛2) 
Col. 2,3 
EA=9.7e5 (𝐾𝑖𝑝𝑠) 
EI=1.2e7 (𝐾𝑖𝑝𝑠 − 𝑖𝑛2) 
(c) Section properties 
Figure 5-10. Linear viscoelastic and simplified elastic-viscous models for a damped 
system (adapted from Fan (1998)) 
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  Simplified Design Procedure                       Elastic-Static Analysis Procedure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-11. Simplified design procedure and elastic-static analysis (Lee, et al., 2009) 
 
1- Establish performance objectives 
and design criteria 
1- Estimate 1st mode deflected shape 
of MRF with dampers 
2- Estimate 1st mode period of MRF 
with dampers. 
3- Estimate 1st mode equivalent 
damping ratio using energy method 
4- Determine seismic design base 
shear from design spectrum; reduce 
spectrum for damping ratio of MRF 
with dampers 
2- Idealize dampers as a VE material 
with equivalent stiffness and damping 
3- Determine design temperature 
range 
4- Select brace stiffness, range of 
damper stiffnesses as ratios (α and β) 
of the associated MRF stiffness, and 
select damper locations. 
5- For each damper stiffness (β), 
conduct elastic-static analysis of MRF 
with dampers.  
6- Compare structural response for 
each β to performance objectives and 
design criteria in Step 1. 
7- Select minimum value for β that 
meets performance objectives and 
design criteria in Step 1. 
8- Assess structural response at low-
end of design temperature range. 
9- Design dampers in accordance with 
selected minimum value of β 
determined in Step 7. 
5- Compute equivalent lateral forces 
(ELF) 
6- Perform elastic-static analysis of 
MRF with dampers under ELF from 
Step 5 
7- Correct the response from step 6 
considering the simplifications in 
analytical model. 
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Figure 5-12. Schematic of a typical DBF with elastomeric damper 
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           (a) Flexibility of dampers                                (b) Flexibility of braces 
 
   (c) Flexibility of inter-story columns        (d) Flexibility of columns of lower stories 
   
(e) Flexibility of story bottom floor beam    (f) Flexibility of damper-beam connection 
Figure 5-13. Story 𝑖 deformation modes 
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Figure 5-14. Effect of damper location on stiffness of the floor beam flexural 
deformation mode 
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(a) SDOF damper-DBF system 
 
(b) SDOF damper-DBF-frame system 
 
(c) MDOF damper-DBF system 
 
(d) MDOF damper-DBF-frame system 
Figure 5-15. Linear viscoelastic models including the flexibility of structural members 
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Figure 5-16. Member forces of the top two stories of a typical DBF with elastomeric 
damper obtained from elastic-static analysis 
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Chapter 6. Performance Based Design Study of Steel Structures with 
Elastomeric Dampers  
6.1 General 
This chapter presents designs of a conventional steel MRF building without 
elastomeric dampers and two steel MRF buildings with the 3rd generation pre-
compressed elastomeric dampers characterized in Chapter 4. The conventional MRF 
structure was designed using strength requirements of ASCE 7-10 and both structures 
with dampers were designed using the SDP introduced in Chapter 5. The three  
structures designed in this chapter will be subjected to NDTHA that are presented in 
Chapter 8and the two structures designed with dampers will be subjected to RTHS 
experimental studies presented in Chapter 9.    
6.2 Prototype Building and Design Cases 
The prototype building is located in Southern California and Seismic Design 
Category D and was used for the design of the steel MRF structures. Figure 6-1 shows 
the floor plan and elevation view of the prototype building. The building is assumed to 
be located on stiff soil. The structure includes six bays in each direction, with a bay 
width of 25 ft., and four stories with a story elevation height of 12.5 ft. Along each side 
of the perimeter of the floor plan are two MRFs. For the design cases with dampers, the 
dampers are located in DBFs at locations shown in Figure 6-1. Note that in practice it 
is desirable to put dampers in MRFs rather than designing separate frames for dampers. 
However, since the designed structures will be involved in the experimental studies, the 
dampers are located in the DBFs for convenience. 
The buildings designed in this chapter are called 100V, 100V+DBF and 
75V+DBF. The 100V design case only includes the steel MRFs with no dampers, where 
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the MRFs were designed based on the strength requirements of ASCE 7-10 (2010) 
without satisfying drift requirements. The MRFs for this case are designed for 100% of 
the code design base shear. The 100V+DBF design case consists of MRFs of 100V 
design case, and DBFs with dampers added to satisfy a target drift of 1.5%. The 
75V+DBF is consisted of 100V+DBF MRFs and DBFs with 33% more mass which 
resulted in MRFs that provide adequate strength for 75% of the design base shear. The 
designed structures are explained in detail in the remaining sections of this chapter. 
6.3 100V Design 
As noted above the 100V design case includes steel MRFs with no dampers, 
where the MRFs were designed by Dong (2015) based on strength requirements of 
ASCE 7-10 (2010) without satisfying drift requirements. The design requirements and 
details of this design case are explained in this section. 
6.3.1 Loads and Load Combinations 
Table 6-1 summarizes the load combinations used in the design of the buildings, 
where, 
𝐷 =dead load; 
𝐿 =live load; 
𝐿𝑟 = roof live load; and 
𝐸 = seismic load effect. 
The floor and roof dead loads as wells as the live loads of the prototype structure 
are given in Table 6-2 to Table 6-4. The seismic load effect includes the effect of 
horizontal forces, 𝐸ℎ, and  vertical seismic forces, 𝐸𝑣, as: 
156 
 
 𝐸 = 𝐸ℎ ± 𝐸𝑣 (6-1) 
The horizontal and vertical seismic load effects are determined as: 
 𝐸ℎ = 𝜌𝑄𝐸  (6-2) 
 𝐸𝑣 = 0.2𝑆𝐷𝑆𝐷 (6-3) 
where, 
𝑄𝐸 = effects of horizontal seismic forces;  
𝜌 = redundancy factor; and 
𝑆𝐷𝑆= the design spectral response acceleration parameter in the short period 
range. 
For the prototype building located in Southern California 𝑆𝐷𝑆 = 1.0. According 
to ASCE 7-10, the redundancy factor for structures assigned to Seismic Design 
Category D is permitted to be taken as 1.0 for structures that are regular in plan at all 
levels, provided that the seismic force-resisting systems consist of at least two bays of 
seismic force-resisting perimeter framing on each side of the structure in each 
orthogonal direction at each story and resists more than 35% of the base shear. 
Therefore, 𝜌 was taken as 1.0 for the prototype building. For 𝑆𝐷𝑆 = 1.0 and 𝜌 = 1.0, 
the load combination cases 4 and 5 in Table 6-1 simplify to the two controlling cases of 
1.4𝐷 + 1.0𝑄𝐸 + 0.5𝐿 and 0.7𝐷 + 1.0𝑄𝐸, respectively.  
 In accordance with ASCE 7-10 the seismic base shear, 𝑉, can be calculated as: 
 𝑉 = 𝐶𝑠𝑊 (6-4)  
where, 
𝑊 =the effective seismic weight; and 
𝐶𝑠 =the seismic response coefficient.  
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𝐶𝑠 is calculated as: 
 
𝐶𝑠 =
{
 
 
 
 
 
 
 
 
𝑆𝐷𝑆
(
𝑅
𝐼𝑒
)
,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡⁡⁡⁡𝑇 ≤ 𝑇𝑠
𝑆𝐷1
𝑇(
𝑅
𝐼𝑒
)
,⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡⁡⁡⁡𝑇𝑠 < 𝑇 ≤ 𝑇𝐿
𝑆𝐷1𝑇𝐿
𝑇2(
𝑅
𝐼𝑒
)
,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡⁡⁡⁡𝑇 > 𝑇𝐿
 (6-5)  
where, 
𝑆𝐷1= the design spectral response acceleration parameter at a period of 1.0 (s); 
𝑅 = the response modification factor;  
𝐼𝑒 = the importance factor; 
𝑇𝑠 =
𝑆𝐷𝑆
𝑆𝐷1
; 
𝑇 =the fundamental period of the building; and  
𝑇𝐿= the long-period transition period. 
𝐶𝑠 is required to be not less than  
 𝐶𝑠𝑚𝑖𝑛 = 0.044𝑆𝐷𝑆𝐼𝑒 ≥ 0.01 (6-6) 
In addition, for structures located where 𝑆1 greater than or equal to 0.6g, 𝐶𝑠 should not 
be less than 
 𝐶𝑠 =
0.5𝑆1
(𝑅 𝐼𝑒⁄ )
 (6-7) 
where 𝑆1 is the mapped maximum considered earthquake spectral response acceleration 
parameter. For the prototype building, 𝑆1 = 0.6, 𝑆𝐷1 = 0.6, 𝑅 = 8 and 𝐼𝑒 = 1.0. 
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According to ASCE 7-10, the fundamental period, T, used in Eq. (6-5) can be 
found by a modal analysis or alternatively it is permitted to use the approximate building 
period, 𝑇𝑎, as follows: 
 
 𝑇𝑎 = 𝐶𝑡ℎ𝑛
𝑥  (6-8) 
where ℎ𝑛 is the building height and 𝑥 and 𝐶𝑡 are coefficients determined from ASCE 7-
10. The fundamental period used for strength check shall not exceed the product of the 
coefficient for the upper limit on the calculated period, 𝐶𝑢, and the approximate 
fundamental period, 𝑇𝑎: 
 𝑇 ≤ 𝐶𝑢𝑇𝑎 (6-9) 
Note that the limitation applied to fundamental period in Eq. (6-9) does not apply 
for drift check per ASCE 7-10. The seismic base shear calculated in Eq. (6-4) is 
distributed vertically over the height of the building, where at floor x the lateral seismic 
force, 𝐹𝑥, is: 
 𝐹𝑥 = 𝐶𝑣𝑥𝑉 (6-10) 
 
where 
  
 
𝐶𝑣𝑥 =
𝑤𝑥ℎ𝑥
𝑘
∑ 𝑤𝑖ℎ𝑖
𝑘𝑛
𝑖=1
 
(6-11) 
and, 
𝐶𝑣𝑥 = vertical distribution factor; 
𝑤𝑖 and 𝑤𝑥 = portion of the total effective seismic weight of the structure located 
at level 𝑖 and 𝑥, respectively; 
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ℎ𝑖 and ℎ𝑥 = height from the base to level 𝑖 and 𝑥, respectively; and 
𝑘 = exponent related to the structure period, where: 
 𝑘 = {
1.0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑇 ≤ 0.5
1.0 +
𝑇 − 0.5
2.5 − 0.5
⁡⁡⁡⁡⁡⁡⁡0.5 < 𝑇 < 2.5
2.0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑇 ≥ 2.5
 (6-12) 
The effect of accidental torsion is required considering the center of mass is 
located from its actual location by a distance equal to 5 percent of the dimension of the 
structure perpendicular to the direction of the applied lateral forces (ASCE 7-10, 2010). 
Since the MRFs are located in the perimeter of the structure, the lateral seismic forces 
obtained from Eq. (6-10) should be increased by 5% to include the effect of accidental 
torsion.  
6.3.2 Finite Element Model 
A finite element model was developed using SAP 2000 to create the 100V 
design according to the criteria in AISC 341-10 (2010) and AISC 360-10 (2010), 
considering the described loads and load combinations determined from ASCE 7-10 
(2010). Based on space restrictions, a 0.6-scale model of the prototype building shown 
in Figure 6-1 had to be developed for the experimental studies to be subsequently 
performed in the ATLSS laboratory. In this chapter the 0.6-scale structure is described 
in detail; however, the member section sizes of the full-scale building are also listed for 
reference.  
A schematic of the SAP 2000 finite element model of the 0.6 scale structure is 
shown in Figure 6-2. The story height and bay width of the 0.6-scale structure are 7.5 
ft. and 15 ft., respectively. In the prototype building the base of the column in the 
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basement have moment connections. For experimental reasons it was decided to use pin 
connections at the column bases in the test structure building. Considering that the 
inflection point of the basement story of the full-scale prototype building is located 
about one third of the basement story from the column base, the basement story height 
of the 0.6-scale structure was changed to 5.0 ft. 
 Taking advantage of symmetry in the floor plan, the model of the building 
involved consideration of only one-quarter of the floor plan, consisting of an MRF, a 
lean-on-column, and the tributary floor mass. The MRF model consisted of beam-
column elements, end length rigid offsets at the intersection of the beams and columns, 
and RBS elements. Shear flexibility of the beams and columns are included in the 
model. A rigid offset within 50% of the dimension of each panel zones was used to 
model the panel zone flexibility. The lean-on-column element represents the summation 
of the stiffness of the gravity columns in the model within one-quarter of the floor plan. 
The floor masses are assigned to the lean-on column nodes which are constrained to the 
mid-span top flange nodes of the MRF beam elements at each floor level. The 𝑃 − 𝛥 
geometric stiffness was used to model finite displacement effects. The direct analysis 
method was used in the design of the building. Table 6-5 and 6-6 summarize prototype 
and 0.6-scale MRF member sections.  
6.3.3 RBS Connections 
RBS connections were used to prevent large plastic strains developing the beam-
to-column connection welds. A typical RBS connection is shown in Figure 6-3. AISC 
358-10 (2010) recommends to design RBS connections using the steps below: 
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Step 1.  Choose trial values for RBS dimensions, subjected to the following 
limits: 
 0.5𝑏𝑏𝑓 ≤ 𝑎 ≤ 0.75𝑏𝑏𝑓 (6-13) 
 0.65𝑑 ≤ 𝑏 ≤ 0.85𝑑 (6-14) 
 0.1𝑏𝑏𝑓 ≤ 𝑐 ≤ 0.25𝑏𝑏𝑓 (6-15) 
where, 
𝑏𝑏𝑓 = width of beam flange; 
𝑎 = horizontal distance from face of column flange to the start of RBS cut; 
𝑏 = length of the RBS cut; 
𝑐 = depth of cut at center of the RBS; and 
𝑑 = depth of beam. 
The 𝑎, 𝑏 and 𝑐 dimensions are shown in Figure 6-3. AISC 358-10 (2010) requires 
that the beams and columns are checked to ensure that they are adequate for all load 
combinations specified by the applicable building code, including the reduced section 
of the beam, and the calculation of elastic drift shall consider the effect of reduced beam 
section. To consider the effect of the reduced section of the beam on frame stiffness, the 
RBS were modeled using three different fragments over the RBS length, as shown in 
Figure 6-4, where the average of the minimum and maximum beam flange width in each 
segment is used as the RBS flange width of the segment. 
Step 2. Compute the plastic section modulus at the center of the RBS: 
 𝑍𝑅𝐵𝑆 = 𝑍𝑥 − 2𝑐𝑡𝑏𝑓(𝑑 − 𝑡𝑏𝑓) (6-16) 
where, 
𝑍𝑅𝐵𝑆= minimum plastic section modulus at the reduced beam section; 
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𝑍𝑥 = plastic modulus about the x-axis, for full beam cross section; and 
𝑡𝑏𝑓 = thickness of beam flange. 
Step 3. Compute the probable maximum moment, 𝑀𝑝𝑟, at the center of the RBS: 
 𝑀𝑝𝑟 = 𝐶𝑝𝑟𝑅𝑦𝐹𝑦𝑍𝑅𝐵𝑆 (6-17) 
where, 
𝑅𝑦 = ratio of the expected yield stress to the specified nominal yield stress, 𝐹𝑦. 
Per AISC 341-10 (2010), 𝑅𝑦 = 1.1 for hot-rolled structural shapes and bars with 
ASTM A992 Gr. 50 steel; 
𝐶𝑝𝑟 = factor to account for peak connection strength, including strain hardening, 
local restraint, additional reinforcement and other connection conditions. AISC 
358-10 (2010) the value of 𝐶𝑝𝑟 to be: 
  𝐶𝑝𝑟 =
𝐹𝑦 + 𝐹𝑢
2𝐹𝑦
≤ 1.2 (6-18) 
In Eq. (6-18 𝐹𝑢 is the specified minimum tensile strength of the yielding element. 
AISC 341-10 (2010) does not directly explain the RBS design procedure; however, it 
uses a value of 1.1 for 𝐶𝑝𝑟 to calculate the projection of the expected flexural strengths 
of the beams at the plastic hinge locations to the column centerline, as shown in Eq. 
(6-24). To be consistent with AISC 341-10 (2010) weak beam-strong column 
calculations, 𝐶𝑝𝑟 value of 1.1 was used in this study. 
Step 4. Compute the shear force at the center of the RBS at each end of the 
beam. The calculation shall assume the moment at the center of each RBS in 
𝑀𝑝𝑟 and shall include gravity loads acting on the beam based on the load 
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combination 1.2𝐷 + 𝑓1𝐿 + 0.2𝑆. For this study 𝑓1 = 0.5 and snow load, S, was 
not considered. 
Step 5. Compute the probable maximum moment at the face of the column, 𝑀𝑓: 
 𝑀𝑓 = 𝑀𝑝𝑟 + 𝑉𝑅𝐵𝑆𝑆ℎ (6-19) 
where, 
𝑆ℎ = the distance from face of column to the center of the plastic hinge; and  
𝑉𝑅𝐵𝑆 = the larger of the two values of shear force at the center of the RBS at 
each end of the beam. 
Step 6. Compute⁡𝑀𝑝𝑒, the plastic moment of the beam based on the expected 
yield stress: 
   𝑀𝑝𝑒 = 𝑅𝑦𝐹𝑦𝑍𝑥 (6-20) 
Step 7. Check the flexural strength of the beam at the column face: 
    𝑀𝑓 ≤ 𝜙𝑑𝑀𝑝𝑒 (6-21) 
where 𝜙𝑑 is the resistance factor for ductile limit states and is equal to 1.0.  
Table 6-7 shows the RBS dimensions for the 1st, 2nd and 3rd floors. Note that 
there is no RBS connection at the ground floor. Table 6-8 lists the 𝑀𝑓 𝑀𝑝𝑒⁄  values of 
the RBS connections. 
6.3.4 Weak Beam-Strong Column Check  
According to AISC 341-10 (2010), the weak beam-strong column criterion 
should be satisfied in beam-column connections as follows:  
 
∑𝑀𝑝𝑐
∗
∑𝑀𝑝𝑏
∗ > 1.0 (6-22) 
where,  
164 
 
∑𝑀𝑝𝑐
∗ = sum of the projections of the nominal flexural strengths of the columns 
above and below the joint to the beam centerline with a reduction for the axial 
force in the column; and  
∑𝑀𝑝𝑏
∗ = sum of the projections of the expected flexural strengths of the beams 
at the plastic hinge locations to the column centerline.  
It is permitted to determine ∑𝑀𝑝𝑐
∗  and ∑𝑀𝑝𝑏
∗  for connections with an RBS as 
follows: 
 ∑𝑀𝑝𝑐
∗ =∑𝑍𝑐(𝐹𝑦𝑐 − 𝑃𝑢𝑐 𝐴𝑔⁄ ) (6-23) 
 ∑𝑀𝑝𝑏
∗ =∑(1.1𝑅𝑦𝐹𝑦𝑏𝑍𝑅𝐵𝑆 +𝑀𝑢𝑣) 
(6-24) 
where, 
𝐴𝑔 = gross area of column; 
𝐹𝑦𝑏= specified minimum yield stress of beam; 
𝐹𝑦𝑐= specified minimum yield stress of column; 
𝑀𝑢𝑣= additional moment due to shear amplification from the location of the 
centerline of the plastic hinge to the column centerline based on LRFD load 
combinations; 𝑀𝑢𝑣 can be computed as 𝑉𝑅𝐵𝑆(𝑎 + 𝑏 2⁄ + 𝑑𝑐 2⁄ ); 
𝑃𝑢𝑐= the required compressive strength using LRFD load combinations, 
including the amplified seismic load; 
𝑍𝑐= the plastic section modulus of column; and 
Amplified seismic loads are required in the calculation of 𝑃𝑢𝑐. According to 
AISC 341-10 (2010), where amplified seismic loads are required the seismic load effect 
including the system over-strength factor shall be applied as prescribed by the 
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applicable building code. According to ASCE 7-10 (2010), the horizontal seismic load 
effect with over-strength factor, 𝐸𝑚ℎ, shall be determined as: 
 𝐸𝑚ℎ = 0𝑄𝐸 (6-25) 
where 0= over-strength factor, which is equal to 3.0 for steel MRFs.  
ASCE 7-10 (2010) also stipulates that the value of 𝐸𝑚ℎ need not exceed the 
maximum force that can develop in the element as determined by a rational, plastic 
mechanism analysis or nonlinear response analysis utilizing realistic expected values of 
material strengths. The 𝑃𝑢𝑐 values corresponding to a beam sway plastic mechanism, 
calculated by the summation of 𝑉𝑅𝐵𝑆 values above each column, were less than 𝑃𝑢𝑐 
values obtained from a linear elastic analysis with over-strength, therefore 𝑃𝑢𝑐 based on 
the former were used in the weak beam-strong column calculations. The 𝑀𝑝𝑐
∗ 𝑀𝑝𝑏
∗⁄  
values are listed in Table 6-9.    
6.3.5 Design of Panel Zones 
According to AISC 341-10 (2010), continuity plates are required when: 
 𝑡𝑐𝑓 ≥ 0.4√1.8𝑏𝑏𝑓𝑡𝑏𝑓
𝑅𝑦𝑏𝐹𝑦𝑏
𝑅𝑦𝑐𝐹𝑦𝑐
 (6-26) 
or when 
 𝑡𝑐𝑓 <
𝑏𝑏𝑓
6
 (6-27) 
where, 
𝑡𝑐𝑓= column flange thickness; 
𝑅𝑦𝑏 = ratio of the expected yield stress of the beam material to the specified 
nominal yield stress; and 
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𝑅𝑦𝑐 = ratio of the expected yield stress of the column material to the specified 
nominal yield stress. 
When continuity plates are required, the thickness of the continuity plates should 
be at least half of the beam flange thickness for one-sided connections, and at least equal 
to the larger of the beam flange thicknesses for two-sided connections. As shown in 
Table 6-10, the continuity plate thickness at each floor was chosen to be roughly equal 
to the floor beam flange thickness.  
According to AISC 341-10 (2010), the panel zone design shear strength 𝜙𝑣𝑅𝑛, 
calculated using Eq. (6-28), should be greater than the required shear strength:  
𝑅𝑛 =
{
 
 
 
 0.6𝐹𝑦𝑑𝑐𝑡𝑝 (1 +
3𝑏𝑐𝑓𝑡𝑐𝑓
2
𝑑𝑏𝑑𝑐𝑡𝑝
) ,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝑃𝑟 ≤ 0.75𝑃𝑐
⁡
0.6𝐹𝑦𝑑𝑐𝑡𝑝 (1 +
3𝑏𝑐𝑓𝑡𝑐𝑓
2
𝑑𝑏𝑑𝑐𝑡𝑝
)(1.9 −
1.2𝑃𝑟
𝑃𝑐
) , 𝑓𝑜𝑟⁡𝑃𝑟 > 0.75𝑃𝑐 ⁡
 (6-28)  
where, 
𝜙𝑣=1.0 
𝑅𝑛= nominal shear resistance of the panel zone; 
𝐹𝑦= column panel zone yield stress; 
𝑑𝑐= column depth;  
𝑡𝑝= column panel zone thickness (web thickness plus any existing doubler 
plate);  
𝑏𝑐𝑓 = width of column flange; 
𝑡𝑐𝑓 = thickness of column flange;  
𝑃𝑟 = required strength; and 
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𝑃𝑐 = 𝑃𝑦 for LRFD and 0.6𝑃𝑦 for ASD where 𝑃𝑦 is the axial strength of the 
column. 
As a minimum, the required shear strength of the panel zone should be determined from 
the summation of moments at the column faces as determined by projecting the expected 
moments at the plastic hinge points to the column faces (AISC 341-10, 2010). In this 
study the contribution of the column flange in panel zone shear strength was neglected. 
To avoid shear buckling, the panel zone needs to satisfy the requirement below: 
 𝑡 > (𝑑𝑧 + 𝑤𝑧)/90 (6-29)  
where 
𝑡= the thickness of column web or doubler plate; 
𝑑𝑧 = 𝑑 − 2𝑡𝑓 of the deeper beam at the connection; and 
𝑤𝑧= the width of panel zone between column flanges. 
The thickness 𝑡 is allowed to be taken as the summation of the column web 
thickness and doubler plate thicknesses when the doubler plates are plug welded to the 
column web. When plug welds are required a minimum of four plug welds shall be 
provided. Considering the design criteria, doubler plates were designed to be used at all 
floors except for the 3rd floor, where no doubler plate was required. Since the MRF was 
going to be experimentally subjected to numerous ground motions in another research 
study on viscous dampers performed by Dong (2014), it was decided to provide a 
reserve strength in the design of panel zones. Table 6-11 summarizes the panel zone 
doubler plate sizes and Table 6-12 the panel zone design-demand strength ratios, where 
𝑉𝑃𝑍 is the required shear strength of the panel zone. The doubler plates extend beyond 
the beam depth by 5 in at each side as shown in Table 6-11 and Figure 6-6.   
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Other details for the seismic design of MRFs such as beam lateral bracing and 
beam-to-column connection requirements (i.e., the required weld toughness and weld 
access hole geometry) per AISC 341-10 (2010) were considered by Dong (2015). MRF. 
Regarding the fact that the MRF was not experimentally used in this study, such details 
are not presented here. An elevation view of the 0.6-scale 100V MRF is shown in Figure 
6-5. Figure 6-6 shows details of the 1st floor beam-to-column connection which is a 
typical detail for the beam-to-column connections. The reader is referred to Ahn (2012) 
and Dong (2015) for more details. 
6.3.6 Prediction of Response Demands 
Story drifts were predicted for 100V design case from elastic analysis subjected 
to DBE and MCE hazard level earthquake. The lateral seismic forces prescribed by 
ASCE 7-10 (2010) were used for this purpose. The load cases and assumptions used for 
the design drift demand calculations that differ from the load cases and assumptions 
applied for strength check include: 
- The fundamental period of the structure, T, obtained from modal analysis 
was used to determine the lateral seismic forces and Eq. (6-9) does not apply 
in drift check. 
- The inherent damping was assumed to be 2% rather than 5%. The 5% 
damping design spectrum was modified according to ASCE 7-10 (2010) to 
create the 2% damping design spectrum.  
- The 𝑃 − 𝛥 geometric stiffness was based on the load combination of 
1.05DL+0.25LL as recommended by FEMA P695 (2009).  
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- The deformations obtained from static elastic analysis were amplified by the 
deflection amplification factor, 𝐶𝑑. According to ASCE 7-10 (2010), 𝐶𝑑 =
5.5 for steel MRF structures. 
- The effect of accidental torsion is not included in the story drift calculation. 
Table 6-13 summarizes the predicted drift design demands 𝜃1, 𝜃2 and 𝜃3 for 
stories 1, 2 and 3, respectively of the 0.6-scale 100V structure at the DBE and MCE 
hazard levels. Note that the predicted design story drift demand of the 100V design 
(MRF with no dampers) exceeds 3% under the DBE earthquake.  
6.4 100V+DBF Design 
6.4.1 Design Requirements 
Figure 6-7 shows typical performance objectives and performance levels for the 
seismic design of conventional MRFs without and with elastomeric dampers. The 
performance levels defined in FEMA 356 (2000) and AISC 41-06 (2006), that include 
immediate occupancy (IO), life safety (LS) and collapse prevention (CP) are shown 
with the associated maximums tory drifts. A conventional structure is typically required 
to satisfy a target drift of 2% under the DBE hazard level based on design codes. 
Structures are typically designed to satisfy life safety and collapse prevention 
performance levels under the DBE and the MCE hazard levels, respectively. Although 
dampers can also be used in the design of conventional structures to satisfy a 
conventional performance level (2% target drift under the DBE), they are more 
commonly used as tools for designing structures to achieve higher performance levels. 
Research studies by Lee (2003) and Karavasilis, et al (2011) show that it is usually not 
practical to design a structure with dampers to remain elastic under a DBE earthquake. 
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However, it is possible to elevate the performance of a conventional MRF by using 
elastomeric dampers and considerably reduce the maximum story drift, residual story 
drift, excessive yielding and consequential damage. Lee et al (2009) designed several 
steel MRFs with elastomeric dampers and concluded that the design criteria that allows 
some inelastic behavior (an R value of about 2 used in Step 4 of elastic-static analysis 
of SDP shown in Figure 5-11), but limit the story drift to 1.5% under the DBE lead to 
the most effective damper design.  
In this section elastomeric dampers are added to the 100V MRF structure to 
elevate the performance of the structure by satisfying a target drift of 1.5% under the 
DBE. Although a particular response modification factor R (in Step 4 of elastic-static 
analysis of SDP shown in Figure 5-11) was not considered in design of structures with 
damper, the satisfied response modification factor is reported for each design case at 
each hazard level. The satisfied response modification factor is shown with 𝑅′and is 
defined as the smallest response modification factor value that when used to calculate 
the seismic design base shear (in Step 4 of elastic-static analysis of SDP shown in Figure 
5-11) satisfies the strength check of members of the design cases with elastomeric 
dampers. Obviously when demand over capacity ratio varies linearly with R, 𝑅′ is the 
largest demand over capacity ratio of structural member at base shear calculated with 
𝑅 = 1. 
6.4.2 DBF Design and Components 
The DBF was designed by Dong (2015) to experience minimal yielding under 
the DBE in order to use the DBF for a large number of experiments with several types 
of dampers. Figure 6-8 shows an elevation view of the DBF. The DBF consists of 
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beams, columns, braces, dampers, upper gusset plate, lower gusset plate, damper-beam 
connector, damper-gusset connector and tee connection. The 0.6-scale DBF member 
section sizes are given in Figure 6-8 and Table 6-14.  
The SDP discussed in Chapter 5 that 4, 3 and 2 elastomeric dampers are needed 
in each DBF in the 1st, 2nd and 3rd stories, respectively to satisfy the performance 
objectives. There is 2, 2 and 1 elastomeric damper(s) installed in the south side of the 
DBF and 2, 1 and 1 elastomeric dampers(s) installed in the north side of the DBF in the 
1st, 2nd and 3rd stories, respectively. The inner tube end of the damper is connected to 
the lower floor beam with a damper-beam connector. The outer tube end of the damper 
is connected to the lower gusset plate with a damper-gusset connector. Figure 6-9 (a) 
shows an elevation and cross section view of the 2nd story of the DBF and the installation 
of the damper. Figure 6-9 (b) shows a photograph of the elastomeric dampers installed 
in the 3rd story of the fabricated DBF used for the experimental studies. The connection 
of the damper inner tube to the damper-beam connector includes a W16x89 section, 
shown in Figure 6-10 (a), that allows for rotation and prevents large bending moments 
and damage to the damper inner tube. Figure 6-10 (b) shows a photo of the fabricated 
connection. As shown in Figure 6-10 (a), a threaded plate is welded to the inner tube 
and the inner tube is connected to the damper-beam connector using 7/8 inch diameter 
A490 tensioned bolts. The short HSS3x3x1/4 section increases the connection length to 
reduce the strain in the bolts. The small depth of the bearing plates between the damper-
beam connector and the threaded plates allow the inner tube to rock against the damper-
beam connector flange and provide rotational flexibility. 
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The DBF beams and columns were connected with a pin tee connection in order 
to prevent large bending moments from developing in the DBF beams and columns. 
The tee connection was designed using two WT5*15 sections with the details shown in 
Figure 6-11. The WT sections are connected to the beam web using six bolts and fillet 
welded at the far end from the column, and with four bolts and no weld at the other end 
(See Figure 6-11 (a)). Associated with the small bending stiffness of the WT sections 
and the short connection length, the connection is expected to provide rotational 
flexibility release between the two parts of the connected beam. The WT stem provides 
stability and prevents out of plane buckling of the connection.  
6.4.3 Finite Element Model 
A SAP 2000 finite element model of the 0.6-scale 100V+DBF design case was 
developed for the design and analysis of the structure as shown in Figure 6-12. The 
model consists of an MRF, a DBF with dampers, a lean-on-column, and the tributary 
floor mass. The MRF, lean-on-column and floor mass were modeled as explained for 
the 100V design case. The DBF model consists of DBF members that include the beams, 
columns, dampers, tee connections, upper and lower gusset plates, damper-gusset 
connectors, and damper-beam connectors. The shear flexibility of members is included 
in the model. Each group of dampers of each story was modeled as a linear elastic 
spring, located at the center of the elastomeric damper group. For example, the two 
dampers located at the south side of the 2nd story, stacked on top of each other, are 
modeled using one spring at the center of the stack. The tees were modeled using a 
beam-column element with a rectangular cross section with properties of the tee flange, 
and end nodes located at the center of the bolt groups. The element is connected to the 
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beam with a moment resistant connection in the inner side and a pin connection to the 
outer side. The upper gusset plate is modeled as a rectangular section beam-column 
using an average Whitmore width of the gusset plate described in AISC 341-10 (2010). 
The length of the DBF column connected to the upper gusset plate was modeled using 
a beam-column element with a cross section which consisted of a vertical plate with a 
depth equal to half of the gusset plate width connected to the column flange. The lower 
gusset plate, damper-gusset connector and damper-beam connector are modeled using 
beam-column elements. At the intersection of lower gusset and damper-gusset 
connector as well as the damper-beam connector and floor beam, rigid offsets with a 
length of 50% of the section depth were used. Similar to what stated for the 100V design 
model, a 𝑃 − 𝛥 geometric stiffness was used to model finite displacement effects. 
However, the 𝑃 − 𝛿 effect was neglected.   
6.4.4 Prediction of Response Demands and Properties  
The SDP analysis described in Section 5.4 was performed to predict the behavior 
of the 0.6-scale 100V+DBF design case subjected to the DBE and MCE hazard levels. 
The following assumptions were used for calculating the lateral forces of design cases 
with dampers: 
- The lateral seismic forces are found using Eq. (5-77), only include the 1st 
mode effect. The 1st mode (fundamental) period of the structure obtained 
from modal analysis was used to find the lateral forces. The maximum 
allowable period limitation of Eq. (6-9) was not applied. The inherent 
damping was assumed to be 2% rather than 5%. The 5% damping design 
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spectrum was modified according to ASCE 7-10 (2010) to create the 2% 
damping design spectrum.  
- The p-delta loads are calculated using a load combination of 
1.05DL+0.25LL, as recommended by FEMA P695 (2009).  
- Based on the equal displacement rule, it was assumed that the deflection 
amplification factor, 𝜇, is equal to the response modification factor, 𝑅; i.e. 
𝜇 = 𝑅.  
- The effect of accidental torsion is not included in the drift and strength 
calculation. 
The fundamental period, equivalent viscous damping and predicted story drift 
for the 100V+DBF design are listed in Table 6-13. Comparing the 100V and 
100V+DBF designs, the damping ratio is increased from 2% to about 10% and the 
maximum story drift reduced from 3.1 to about 1.4% under the DBE hazard level. The 
maximum story drift of the 100V+DBF design case at MCE hazard level is about 2.2% 
and is significantly less than the 4.77 maximum story drift of 100Vdesign case.  
Detailed properties of the structures designed with elastomeric dampers, 
including 𝛼𝐷𝐵𝐹, 𝛽, 𝑢𝑑, 𝐹𝑑, 𝑘𝑑
′ , 𝜂𝑑, 𝐴𝐹𝑑+𝐷𝐵𝐹 and 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹, at the DBE and MCE 
hazard levels are given in Table 6-15. The 𝛼𝐷𝐵𝐹 is calculated by Eq. (5-93), using Eq. 
(5-94) and Eq. (5-95) for the calculation of 𝑘𝐷𝐵𝐹 and 𝑘0 values, respectively. Note that 
the flexural stiffness of the DBF columns is included within 𝑘0, and not 𝑘𝐷𝐵𝐹, because 
it is resisting lateral forces that act in parallel with the dampers. The damper deformation 
in Eq. (5-94) was taken as the average of the south and north side damper deformations. 
The 𝛽 values are within a reasonable range, with the largest value for β of about 1.13 
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and is associated with the 3rd story of 100V+DBF design case at the DBE hazard level. 
The deformation 𝑢𝑑 of the dampers installed in south and north sides are almost equal 
for the 1st and 3rd stories, however, there is some difference between them in the 2nd 
story due to the fact that there are two dampers installed in the south side and one damper 
installed in the north side in this story. The damper forces 𝐹𝑑 are found by applying the 
amplification and modification factors to the damper forces obtained from the simplified 
linear elastic model. The damper static stiffness 𝑘𝑑
′  is found by considering the damper 
deformation, 1st mode frequency of the structure, and using the characterization test 
results described in Chapter 4. The loss factor, 𝜂𝑑 are within a range of 0.4 to 0.5, and 
almost equal in all stories with only difference in the 2nd story.  The amplification factors 
𝐴𝐹𝑑+𝐷𝐵𝐹 are calculated by Eq. (5-99), using Eq. (5-101) for the calculation of 𝜂𝑑+𝐷𝐵𝐹 
where the summation of the damper elastic stiffness of the south side and north side 
dampers and an average of the south side and north side damper loss factors are used as 
the story damper elastic stiffness 𝑘𝑑𝑖
′  and loss factor 𝜂𝑑𝑖 in Eq. (5-101). As shown in 
Table 6-15, the amplification factors are below 11.1%. in all cases. The modification 
factors 𝑀𝐹𝑘′,𝑑+𝐷𝐵𝐹𝑖 are calculated using Eq. (5-100). Considering that the DBF stiffness 
is much higher than the damper stiffness in each story, the modification factors are close 
to unity and consequently the multiplication of 𝐴𝐹𝑑+𝐷𝐵𝐹 ⋅ 𝑀𝐹𝑑+𝐷𝐵𝐹 is close to the value 
of the amplification factor of the dampers, 𝐴𝐹𝑑.  
The normalized DBF stiffness 𝛼𝐷𝐵𝐹 is different for the DBE and MCE hazard 
levels mainly due to changes in the damper stiffness and slightly due to changes in the 
lateral force pattern between the two hazard levels. The damper stiffness can change the 
value of 𝛼𝐷𝐵𝐹 because the DBF is a statically indeterminate structure and a change in 
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damper stiffness can change the force distributions among the DBF members. The DBF 
lateral force pattern can change 𝛼𝐷𝐵𝐹 because stiffness of some of the deformation 
modes depend on the story moment.  
To illustrate the effect of damper stiffness on the DBF stiffness, the DBF story 
stiffness was also found using the same DBF shear force pattern as in the 100V+DBF 
design at the DBE, but assuming rigid dampers. The results are shown in Figure 6-13. 
It can be seen that damper stiffness has a significant effect on the DBF stiffness. When 
the dampers are rigid, the DBF behaves like a concentrically braced frame (CBF) with 
larger axial force demands in the beams, braces and columns which leads to smaller 
values of 𝑘𝐷𝐵𝐹. 
To show the effect of lateral force pattern on the DBF stiffness, the DBF story 
stiffness of 100V+DBF design at the DBE hazard level was also calculated using linear 
and quadratic lateral load patterns that have the same DBF base shear as the DBF base 
shear of the 100V+DBF design at DBE hazard level. Figure 6-14 shows the lateral force 
patterns (Figure 6-14 (a)) and DBF story stiffness (Figure 6-14 (b)) under the described 
force patterns. Although the DBF lateral load pattern at the DBE hazard level is notably 
different from both the linear and quadratic lateral load patterns, there is negligible 
difference between the DBF story stiffnesses obtained using the three different load 
patterns.  
The DBF-damper stiffness (𝛼𝐷𝐵𝐹 𝛽⁄ ) and damper-story (𝑢𝑑 𝛥⁄ ) deformation 
ratios are summarized in Table 6-16. The large DBF-damper stiffness ratios lead to high 
damper-story deformation ratios and consequently high damping ratios. More than 90% 
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of the story deformations are associated with the dampers at both the DBE and MCE 
hazard levels. 
Table 6-17 shows values of 𝛿𝑑 and 𝛿𝑑+𝐷𝐵𝐹, the parameters required to predict 
the phase between response parameters, where 
𝛿𝑑 estimates: 
- The phase lead of the damper force with respect to damper deformation; 
- The phase lag of damper deformation with respect to brace deformation. 
and 𝛿𝑑+𝐷𝐵𝐹 estimates: 
- The phase lead of the damper force with respect to story deformation; 
- The phase lead of the brace axial force with respect to story deformation; 
- The phase lead of the DBF column axial force with respect to story 
deformation. 
The quantity 𝛿𝑑-𝛿𝑑+𝐷𝐵𝐹 given in Table 6-17 corresponds to the phase lag 
between the damper deformation and the story deformation. The large DBF-damper 
stiffness ratios result in small phase between damper and story deformations.  
To check the strength in structural members and calculate the satisfied response 
modification factor 𝑅′ of the design, the demand over design capacity ratio of each 
member obtained from a SDP analysis with 𝑅 = 1.0 is shown in Table 6-18. The 
strength demands were obtained by applying appropriate amplification and modification 
factors to the demands obtained from the elastic-static analysis, subjected to the same 
lateral and gravity loads used for the drift check. The amplification and modification 
factors are applied to the axial forces of the column, and axial and shear forces and 
bending moments of brace, beam, and tee in the DBF, since these forces are related to 
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the damper forces. There is no amplification and modification factor applied to the MRF 
member forces as well as the DBF column shear forces and bending moments. Note that 
the 100V+DBF design has an 𝑅′ of 1.57 and 2.49 at DBE and MCE hazard levels.  
Based on the predicted  demands, plastic hinges will form in the RBS of the 
100V+DBF design at the DBE hazard level and at the 1st story MRF column base, while 
there is no plastic hinges expected to form in the DBF columns, beams or tees. The 
plastic hinges are also expected to form in the braces at their upper ends connected to 
upper gusset plates.  
6.5 75V+DBF Design 
Design codes allow MRFs to be designed for 75% of the design base shear when 
dampers are used. Karavasilis et. al (2012) showed that when elastomeric dampers are 
used that it is possible to design MRFs with a reduced base shear than that specified by 
design codes and achieve better or similar performance than the 100V design of the 
MRFs. A building referred to as the 75V+DBF design was designed to investigate the 
performance of an MRF with elastomeric dampers that is designed for 75% of the design 
code base shear. This case was created by increasing the seismic mass and dead and live 
loads of the 100V+DBF structure by 33% and using the same MRF and DBF with the 
same number of dampers. Note that the MRF design base shear is controlled by the 
upper limit period from Eq. (6-9) specified by ASCE 7-10 (2010), and not the computed 
elastic 1st mode period (fundamental period) obtained from modal analysis; therefore, 
increasing the mass of a structure by 33% is equivalent to reducing the resistance to 
75% of the design base shear (1/1.333=0.75). The story drift prediction of the 0.6-scale 
75V+DBF design are included in Table 6-13. The damping ratio for this structure is 
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about 10% at the DBE and MCE hazard levels. The maximum story drift predicted by 
the SDP is 1.7% and 2.7% for the DBE and MCE hazard levels, respectively which are 
about 20% more than the maximum story drifts of the 100V+DBF design. Note that it 
is possible to create a 75V+DBF design to achieve the same or lower target drift as the 
100V+DBF design by using more dampers in the DBF; however, considering that in the 
experimental studies it is desirable to use the same DBF for 100V+DBF and 75V+DBF 
designs, the same number of dampers were used in both cases.  
The detailed properties of the 0.6-scale 75V+DBF design are included in Table 
6-15. For each seismic hazard level 75V+DBF design develops greater damper 
deformation, has smaller damper stiffness, smaller damper force, and about the same 
loss factor, amplification factor and modification factor compared to the 100V+DBF 
design.  
The DBF-damper stiffness ratio and damper-story deformation ratio of the 0.6-
scale 75V+DBF design are shown in Table 6-16. There is a small difference between 
the damper-story deformation ratio (𝑢𝑑 𝛥⁄ ) of the 100V+DBF and 75V+DBF designs. 
 The response phase prediction parameters, 𝛿𝑑 and 𝛿𝑑+𝐷𝐵𝐹, of the 0.6-scale 
75V+DBF designs are listed in Table 6-17. Similar to the 100V+DBF design, there is a 
small phase lead between the damper force and damper deformation (𝛿𝑑) and the 
damper force and story deformation (𝛿𝑑+𝐷𝐵𝐹).  
The demand over design capacity ratio of each member of the 0.6-scale 
75V+DBF design, where the demand is obtained from a SDP analysis with 𝑅 = 1.0, is 
shown in Table 6-18. More extensive yielding is expected in the 75V+DBF design 
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compared to the 100V+DBF design and the 75V+DBF design has an 𝑅′ of 1.87 and 
2.98 at DBE and MCE hazard levels. 
6.6 Summary 
A 0.6-scale steel MRF office building located in Southern California was 
designed, satisfying the strength requirements of ASCE 7-10 (2010) without satisfying 
drift requirements. Elastomeric dampers were added to the MRF building to control the 
drift of the designed structure. Detailed properties of the structures designed with 
dampers were presented. The dampers were effective in increasing the damping ratio 
and decreasing the story drifts. The structures designed with dampers have 𝑅′ values 
less than2.0 at the DBE hazard level. 
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Table 6-1. Load combinations 
Combination Case Load Combination 
1 1.4D 
2 1.2D+1.6L+0.5𝐿𝑟 
3 1.2D+1.6𝐿𝑟+0.5L 
4 1.2D+1.0E+0.5L 
5 0.9D+1.0E 
 
Table 6-2. Floor dead load of prototype building (Dong, 2015) 
Item Description Unit weight (psf) 
Slab 3.5 in light weight concrete on 2 in metal deck 43 
Deck 2 in-18 gage metal deck 3 
Ceiling Suspended acoustical tile 3 
Flooring Carpet 3 
Systems Mechanical, electricity, plumbing, … 10 
Fireproofing Spray on cementitious 3 
Cladding 25 (psf) on exterior walls  10 
Structure Beams, girders, columns, … 15 
Total  90 
 
Table 6-3. Roof dead load of prototype structure (Dong, 2015) 
Item Description Unit weight (psf) 
Deck 1.5 in type B metal deck 3 
Finish Insulation and water proofing 11 
Ceiling Suspended acoustical tile 3 
Systems Mechanical, electricity, plumbing, … 10 
Fireproofing Spray on cementitious 3 
Cladding 25 (psf) on exterior walls  5 
Structure  Beams, girders, columns, … 15 
Equipment Mechanical equipment on roof 30 
Total  80 
 
Table 6-4. Floor and roof live load of prototype building (Dong, 2015) 
Location Unit weight (psf) 
Floor 70 
Roof 20 
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Table 6-5. Member sections of prototype 100V MRF 
Member Section 
Column W14x176 
Ground floor Beam  W30x124 
1st floor beam W30x124 
2nd floor beam W21x122 
3rd floor beam W16x50 
 
Table 6-6. Member sections of 0.6-scale 100V MRF 
Member Section 
Column W8x67 
Ground floor beam  W18x46 
1st floor beam W18x46 
2nd floor beam W14x38 
3rd floor beam W10x17 
 
Table 6-7. RBS dimensions of 0.6-scale 100V MRF 
Location a (in) b (in) c (in) 
1st floor beam 4.5 13 1.44 
2nd floor beam 4.5 12 1.38 
3rd floor beam 4.5 8.5 0.88 
 
Table 6-8. 𝑀𝑓 𝑀𝑝𝑒⁄  values for RBS of 0.6-scale 100V MRF 
Location 𝑴𝒇 𝑴𝒑𝒆⁄  
1st floor beam 0.84 
2nd floor beam 0.87 
3rd floor beam 0.87 
 
Table 6-9. Weak beam-strong column check of 0.6-scale 100V MRF 
Location ∑𝑴𝒑𝒄
∗
∑𝑴𝒑𝒃
∗  
1st floor  1.61 
2nd floor 2.31 
3rd floor 3.73 
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Table 6-10. Continuity plate sizes of panel zones for 0.6-scale 100V MRF  
Location Continuity plate 
thickness (in) 
Beam flange 
thickness (in) 
Steel type 
Ground floor 0.625 0.605 A992 Gr50 
1st floor  0.625 0.605 A992 Gr50 
2nd floor 0.5 0.515 A992 Gr50 
3rd floor 0.313 0.330 A992 Gr50 
 
Table 6-11. Doubler plate sizes of panel zones for 0.6-scale 100V MRF 
Location Doubler plate 
depth above beam 
(in) 
Doubler plate 
thickness (in) 
Web 
thickness (in) 
Steel type 
Ground floor 5 0.375 0.605 A992 
Gr50 
1st floor  5 0.375 0.605 A992 
Gr50 
2nd floor 5 0.3125 0.515 A992 
Gr50 
3rd floor - - 0.330 A992 
Gr50 
 
Table 6-12. Panel zone shear design-demand ratio of 0.6 scale 100V MRF 
Location 𝝓𝒗𝑹𝒏 𝑽𝑷𝒁⁄  
Ground floor 1.31 
1st floor  1.83 
2nd floor 1.75 
3rd floor 2.14 
 
Table 6-13. Summary of global response parameters of 0.6 scale structures at DBE 
and MCE hazard levels 
Structure Hazard Level 𝑻(sec) ζ(%) 𝜽𝟏(%) 𝜽𝟐(%) 𝜽𝟑(%) 
100V DBE 1.07 2.0 2.1 2.9 3.1 
100V MCE 1.07 2.0 3.2 4.3 4.7 
100V+DBF DBE 0.67 10.3 1.1 1.4 1.3 
100V+DBF MCE 0.71 9.9 1.7 2.2 2.1 
75V+DBF DBE 0.79 10.1 1.3 1.7 1.5 
75V+DBF MCE 0.84 9.7 2.0 2.7 2.5 
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Table 6-14. Member section sizes for 0.6-scale DBF 
Member Section 
Column W8x67 
Beams  W12x40 
Braces HSS8x6x3/8 
Upper gusset plate 1.0 in thick 
Lower gusset plate PL12x1.5 
Damper-gusset connector PL12x1.0 
Damper-beam connector W16x89 
Tee connection 2WT5x15 
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Table 6-15. Detailed properties of 0.6-scale 100V+DBF and 75V+DBF designs at 
DBE and MCE hazard levels 
Desig
n  
 
Hazar
d 
Level 
Stor
y 
Sid
e 
𝜶𝑫𝑩𝑭 β 
𝒖𝒅⁡ 
(𝒊𝒏)  
𝑭𝒅⁡ 
(𝑲𝒊𝒑𝒔) 
𝒌𝒅
′ ⁡ 
(
𝑲𝒊𝒑𝒔
𝒊𝒏
) 
𝜼𝒅 𝑨𝑭𝒅+𝑫𝑩𝑭 𝑴𝑭𝒌′ ,𝒅+𝑫𝑩𝑭 
100V 
+ 
DBF  
 
DBE 
1 
S 
6.7 
0.7
8 
0.85
4 
66.2 71.9 
0.4
1 
1.06 1.02 
N 
0.85
4 
66.2 71.8 
0.4
1 
2 
S 
11.0 
0.8
0 
1.13
5 
75.7 61.6 
0.4
1 
1.07 1.01 
N 
1.20
1 
38.9 29.9 
0.4
2 
3 
S 
18.6 
1.1
3 
1.08
4 
37.0 31.6 
0.4
1 
1.07 1.01 
N 
1.08
4 
37.0 31.6 
0.4
1 
100V 
+ 
DBF  
 
MCE 
1 
S 
7.6 
0.6
0 
1.39
9 
82.3 54.0 
0.4
3 
1.08 1.01 
N 
1.39
9 
82.3 54.0 
0.4
3 
2 
S 
14.1 
0.5
6 
1.90
5 
90.5 43.2 
0.4
6 
1.09 1.01 
N 
1.98
4 
45.6 20.9 
0.4
6 
3 
S 
22.7 
0.7
8 
1.82
9 
45.0 22.4 
0.4
5 
1.09 1.01 
N 
1.82
9 
45.0 22.4 
0.4
5 
75V 
+ 
DBF  
 
DBE 
1 
S 
7.1 
0.7
1 
1.02
7 
71.2 64.5 
0.4
0 
1.06 1.01 
N 
1.02
7 
71.2 64.5 
0.4
0 
2 
S 
11.9 
0.7
1 
1.37
4 
81.4 54.5 
0.4
2 
1.08 1.01 
N 
1.44
6 
41.3 26.2 
0.4
3 
3 
S 
19.7 
1.0
1 
1.31
1 
40.1 28.2 
0.4
2 
1.08 1.01 
N 
1.31
1 
40.1 28.2 
0.4
2 
75V 
+ 
DBF  
 
MCE 
1 
S 
8.2 
0.5
3 
1.68
5 
79.4 47.2 
0.4
4 
1.08 1.01 
N 
1.68
5 
79.4 47.2 
0.4
4 
2 
S 
17.5 
0.4
8 
2.31
6 
84.3 36.4 
0.4
9 
1.11 1.01 
N 
2.39
8 
42.0 17.5 
0.5
0 
3 
S 
27.3 
0.6
7 
2.22
8 
42.2 19.0 
0.4
8 
1.10 1.01 
N 
2.22
8 
42.2 19.0 
0.4
8 
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Table 6-16. DBF-damper stiffness ratio and damper-story deformation ratio of 0.6-
scale 100V+DBF and 75V+DBF designs at DBE and MCE hazard levels 
Design  
 
Hazard  
Level Story 
𝜶𝑫𝑩𝑭
𝜷
 
𝒖𝒅
𝜟
=
𝜶𝑫𝑩𝑭 𝜷⁄
𝜶𝑫𝑩𝑭 𝜷⁄ + 𝟏
 
100V 
+ 
DBF  
 
DBE 
1 8.62 0.90 
2 13.82 0.93 
3 16.32 0.94 
100V 
+ 
DBF  
 
MCE 
1 12.58 0.93 
2 25.23 0.96 
3 28.97 0.97 
75V 
+ 
DBF  
 
DBE 
1 9.89 0.91 
2 16.73 0.94 
3 19.44 0.95 
75V 
+ 
DBF  
 
MCE 
1 15.29 0.94 
2 36.59 0.97 
3 41.05 0.98 
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Table 6-17. Response prediction of 0.6-scale 100V+DBF and 75V+DBF designs at 
DBE and MCE hazard levels 
Design  
 
Hazard  
Level 
Story 
𝜹𝒅 
(deg.) 
𝜹𝒅+𝑫𝑩𝑭 
(deg.) 
𝜹𝒅 − 𝜹𝒅+𝑫𝑩𝑭 
(deg.) 
100V+DBF  DBE 
1 22.1 19.6 2.4 
2 22.6 21.0 1.6 
3 22.3 20.9 1.4 
100V+DBF  MCE 
1 23.4 21.6 1.8 
2 24.7 23.7 1.0 
3 24.4 23.5 0.9 
75V+DBF  DBE 
1 21.6 19.5 2.1 
2 23.2 21.8 1.4 
3 22.7 21.6 1.2 
75V+DBF  MCE 
1 23.9 22.3 1.6 
2 26.3 25.5 0.8 
3 25.6 24.9 0.7 
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Table 6-18. Demand over capacity ratio (𝑅𝑢 𝜙𝑅𝑛)⁄  of structural members of 0.6-scale 
100V+DBF and 75V+DBF designs at DBE and MCE hazard levels, R=1.0 
Design  
 
Hazar
d 
Level 
Stor
y 
MRF 
Colum
n 
MR
F 
Bea
m 
DBF 
Colum
n 
DBF 
Brac
e 
DBF 
Bea
m 
DB
F 
Tee
s 
Satisfie
d R 
100V+DB
F  
DBE 
Base 0.58 0.46 
0.85 - 0.28 0.6
0 
1.57 
1 1.03 1.57 
0.92 1.06 0.35 0.6
5 
2 0.71 1.55 
0.41 1.04 0.17 0.5
0 
3 0.33 1.49 
0.25 0.85 0.15 0.2
4 
100V+DB
F  
MCE 
Base 0.87 0.72 
1.20 - 0.34 0.7
3 
2.49 
1 1.72 2.49 
1.36 1.64 0.41 0.7
9 
2 1.21 2.52 
0.56 1.65 0.21 0.5
8 
3 0.54 2.43 
0.39 1.41 0.21 0.4
4 
75V+DBF  DBE 
Base 0.70 0.55 
1.01 - 0.31 0.6
6 
1.87 
1 1.33 1.87 
1.09 1.24 0.38 0.7
1 
2 0.85 1.86 
0.49 1.23 0.20 0.5
5 
3 0.40 1.80 
0.30 1.02 0.17 0.3
9 
75V+DBF  MCE 
Base 1.05 0.85 
1.48 - 0.37 0.7
9 
2.98 
1 2.05 2.98 
1.64 1.93 0.43 0.8
6 
2 1.46 3.03 
0.67 1.99 0.22 0.6
3 
3 0.66 2.94 
0.46 1.72 0.23 0.4
9 
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Figure 6-1. Plan and elevation view of prototype building (Dong, 2015) 
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Figure 6-2. Finite element model of the 0.6-scale 100V design 
 
Figure 6-3. RBS connection (AISC 358-10, 2010) 
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Figure 6-4. RBS model 
 
Figure 6-5. Elevation view of 0.6-scale 100V MRF 
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Figure 6-6. Details of 1st floor beam-column connection of 0.6 scale 100V MRF 
(Dong, 2015) 
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(a) 
 
(b) 
Figure 6-7. Seismic performance of MRFs, (a) conventional without dampers, (b) with 
dampers 
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Figure 6-8. Elevation view of 0.6-scale DBF with elastomeric dampers 
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(a) Dampers located in the 2nd story 
 
(b) Photograph of dampers installed in the 3rd story   
Figure 6-9. Dampers installed in 0.6-scale DBF 
 
 
196 
 
 
(a) Drawing 
 
(b) Photograph 
Figure 6-10. Connection of damper inner tube to damper-beam connector 
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(a) Drawing 
 
(b) Photograph 
Figure 6-11. DBF beam-column connection and tee connection 
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Figure 6-12. Schematic of SAP 2000linear elastic model of the 0.6-scale 100V+DBF 
structure 
 
Figure 6-13. Effect of damper stiffness on DBF stiffness of 100V+DBF subjected to 
DBE 
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(a) DBE, linear and quadratic lateral force patterns applied to DBF 
 
 
(b) DBF stiffness  
Figure 6-14. Effect of lateral force pattern on DBF stiffness of 100V+DBF at DBE 
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Chapter 7. Nonlinear Rate-dependent Hysteretic Model for the 3rd Generation 
Elastomeric Damper 
7.1 General 
The 3rd generation damper was introduced in Chapter 4 along with the 
characterization tests of the damper. A rigorous damper model needs to be developed to 
use in the nonlinear dynamic time history analysis (NDTHA) of structures with 
elastomeric dampers. This chapter develops and calibrates a nonlinear rate-dependent 
hysteretic model for the 3rd generation damper based on the harmonic characterization 
tests performed in Chapter 4, verifies the accuracy of the model subjected to transient 
excitations, and updates the model using experimental earthquake response histories.  
7.2 Damper Model Development 
7.2.1 Important Aspects of Damper Behavior 
The damper behavior was discussed in detail in Chapter 4. Important aspects of 
the damper behavior that should be captured by a rigorous damper model are presented 
in this section. Table 7-1 shows selected experiments from the characterization tests 
described in Chapter 4. These selected experiments are used to describe the important 
aspects of the damper behavior at different deformation amplitudes. The set includes 
experiments performed at an ambient temperature of 68 °F and excitation frequency of 
1.0 Hz for tests with amplitudes up to and including 2.0 in where damper permanent 
degradation effect is negligible in subsequent experiments with the same or larger 
deformation amplitudes. In addition the set also includes the first experiment of each 
group of tests with the deformation amplitudes greater than 2.0 in, where the effect of 
permanent degradation is severe on any subsequent experiment. 
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Shown in Figure 4-5 is a set of hysteretic response curves associated with the 
full cycles of deformation amplitude from tests in Table 7-1. As shown in Figure 4-5, 
the damper exhibits a softening behavior in the deformation amplitude range of 0.25 to 
1.5 in, followed by a slight hardening behavior at a deformation amplitude of 2.0 in. In 
the deformation amplitude range of 3.0 to 5.0 in, the damper behavior is dominated by 
a hardening behavior of the thick elastomer layers, with noticeable degradation, due to 
breakage of the bond between the thick elastomer layers and the thin steel plates. 
Breakage starts at the ends of the elastomer, where the thick elastomer layers experience 
large tensile forces at large deformation amplitudes, and propagates to the mid-length 
of the elastomer. In the deformation range of 6.0 to 8.0 in, the bond is completely broken 
and the thick elastomer layers develop slips with respect to the thin steel plates, upon 
which the damper exhibits only frictional behavior.  
Figure 7-2 illustrates important aspects of the damper behavior that should be 
captured by the damper model. Two distinct stages of the damper tangent stiffness 
alteration can be observed in typical damper force-deformation hysteresis loops, as 
shown in Figures 7-2 (a) and (b). The figures also show how the damper hysteresis loops 
could be roughly represented by a bi-linear hysteretic model. The initial stiffness of the 
damper is followed by a positive post yielding stiffness at small deformation amplitudes 
(Figure 7-2 (a)); while a negative post yielding stiffness can be seen at larger 
deformation amplitudes (Figure 7-2 (b)).  
As shown in Figure 7-2 (c), the damper starts to show a hardening behavior at a 
deformation amplitude of 2.0 in. The damper behavior is dominated by the hardening 
behavior of the thick elastomer layers at a deformation amplitude of 3.0 in, followed by 
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a significant strength degradation due to the breakage of the bond between the thick 
elastomer layers and the thin steel plates. The bond is completely broken at a 
deformation amplitude of 6.0 in.  
Another important aspect of the damper behavior is strength degradation in the 
softening behavior range. As shown in Figure 7-2 (d), the strength degradation of the 
elastomeric damper increases as the deformation amplitude increases. Comparing the 
damper tangent stiffness at the beginning (of the ramp-up cycles) and at the end (of the 
ramp-down cycles) of a test in Figure 7-2 (e), it can be seen that the degradation created 
during the cycles with maximum amplitude does not fully recover in the ramp-down 
cycles with smaller deformation amplitudes. Figure 7-2 (f) compares the last full cycle 
hysteresis loop of a test with a deformation amplitude of 0.25 in with the ramp-up and 
full cycle hysteresis loops of a test with a maximum deformation amplitude of 2.0 in. 
The damper achieves smaller forces at a deformation of 0.25 in in the test with a 
deformation amplitude of 2.0 in due to permanent degradation that occurs in the damper 
during previous tests. 
In the next section a damper model is proposed that captures the important 
aspects of the damper model described in this section. 
7.2.2 Damper Model Components 
Figure 7-3 shows a schematic of the proposed damper model consisted of two 
Bouc-Wen elements, one nonlinear hardening element with bond breakage and one 
nonlinear dashpot.  The damper force is the summation of the forces in the four 
elements: 
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 𝐹𝑑(𝑡) = 𝐹𝐵𝑊1(𝑡) + 𝐹𝐵𝑊2(𝑡) + 𝐹ℎ(𝑡) + 𝐹𝑛𝑑(𝑡) (7-1) 
where, 
𝐹𝑑 = force of damper model; 
𝐹𝐵𝑊1 = force in Bouc-Wen element 1; 
𝐹𝐵𝑊2 = force in Bouc-Wen element 2; 
𝐹ℎ = force in hardening element with bond breakage; and 
𝐹𝑛ℎ = force in nonlinear dashpot element. 
The components of the damper model along with their mathematical force-
deformation relationships are described below. 
7.2.2.1 Bouc-Wen Elements 
To capture the damper softening behavior and the two stages of the damper 
stiffness change shown in Figure 7-2 (a) and (b), two hysteretic elements capable of 
capturing softening behavior are required. To capture the strength degradation shown in 
Figure 7-2 (d), (e) and (f), two Bouc-Wen (Wen, 1976) elements (Bouc-Wen element1 
and Bouc-Wen element 2) are used in the model. The Bouc-Wen model is a commonly 
used hysteretic model, originally proposed by Bouc (Bouc, 1967) and generalized by 
Wen (Wen, 1976). This model is capable of capturing a variety of hysteretic behavior. 
The model is presented in the literature in different formulations. The formulation used 
by Karavalisis et al. (2011) in modeling of the 1st generation pre-compressed 
elastomeric damper is presented here and used in the proposed model for the 3rd 
generation damper.    
The constitutive relations for the Bouc-Wen element force-deformation relation 
is:  
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 𝐹𝐵𝑊𝑖(𝑡) = 𝛼𝑖𝑘𝑖𝑢𝑑(𝑡) + (1 − 𝛼𝑖)𝑘𝑖𝑢𝑦𝑖𝑧𝑖(𝑡) (7-2)  
where, 
𝑖 = Bouc-Wen element number (1 or 2);  
𝛼 = post yielding stiffness ratio; 
𝑘 = initial stiffness;  
𝑢𝑦 = yield deformation; and  
𝑧 = evolutionary variable, whose value is found by solving the differential 
equation below: 
 ?̇?𝑖(𝑡) =
1
𝑢𝑦𝑖
[?̇?𝑑(𝑡)- (𝛽𝑖|?̇?𝑑(𝑡)||𝑧𝑖(𝑡)|
𝑛sgn(𝑧𝑖)+𝛾𝑖?̇?𝑑(𝑡)|𝑧𝑖(𝑡)|
𝑛)] (7-3) 
In Eq. (7-3) 𝛽, 𝛾 and 𝑛 control the hysteretic shape. A smaller value of 𝑛 (usually 
not taken less than 1.0) leads to smoother transition between the initial and post yielding 
branches, while a large value of 𝑛 changes the model to one with a bilinear elastic-
plastic behavior. Assuming 𝛽 + 𝛾 = 1.0, 𝑧 will have a hysteretic softening shape with 
minimum and maximum values of -1.0 and 1.0. Consequently, assuming 𝛽 + 𝛾 = 1.0 
and 𝛼 = 0, will result in a softening force-deformation hysteretic shape with minimum 
and maximum force values for 𝐹𝐵𝑊𝑖(𝑡) of −𝑘𝑢𝑦 and 𝑘𝑢𝑦.  
Karavalisis et al. (2011) proposed the equation shown below to include the 
strength and stiffness degradation of the stiffness damper, illustrated in Figure 7-2 (d) 
and (e), where 
 
𝑘𝑖(𝑡) = 𝑘𝑎𝑖𝑒
−⁡
𝑢𝑚𝑎𝑥𝑖(𝑡)
𝑢𝑟𝑒𝑓𝑖 + 𝑘𝑏𝑖 
(7-4) 
In Eq. (7-4), 
𝑘𝑎 = degrading stiffness; 
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𝑘𝑏 = non-degrading stiffness; 
𝑢𝑟𝑒𝑓 = reference deformation at which the degrading stiffness has reduced by 
1 𝑒⁄ ; and 
𝑢𝑚𝑎𝑥(𝑡) = average of the maximum damper deformation in tension and 
compression, calculated by Eq. (7-5): 
 
𝑢𝑚𝑎𝑥𝑖(𝑡) =
|𝑢𝑚𝑎𝑥,𝑐𝑖(𝑡)| + 𝑢𝑚𝑎𝑥,𝑡𝑖(𝑡)
2
 (7-5) 
Where Eqs. (7-6) and (7-7) below are used to modify the model to include the 
effect of initial permanent degradation due prior displacement cycles of excitation, 
shown in Figure 7-2 (f): 
 𝑢𝑚𝑎𝑥,𝑡𝑖(𝑡) = 𝑚𝑎𝑥(|𝑚𝑎𝑥⁡(𝑢𝑑(0),… 𝑢𝑑(𝑡))|, 𝑢𝑚𝑎𝑥,𝑡_𝑖𝑛𝑖𝑖) (7-6) 
 𝑢𝑚𝑎𝑥,𝑐𝑖(𝑡) = 𝑚𝑎𝑥(|𝑚𝑖𝑛⁡(𝑢𝑑(0), …𝑢𝑑(𝑡))|, 𝑢𝑚𝑎𝑥,𝑐_𝑖𝑛𝑖𝑖) (7-7) 
In Eqs. (7-6) and (7-7) 𝑢𝑚𝑎𝑥,𝑡_𝑖𝑛𝑖𝑖 and 𝑢𝑚𝑎𝑥,𝑐_𝑖𝑛𝑖𝑖 are the initial degradation parameters 
in tension and compression which are a fraction of the maximum deformation that the 
damper has experienced in tension and compression in prior cycles of deformation, 
where 
 𝑢𝑚𝑎𝑥,𝑡_𝑖𝑛𝑖𝑖 = 𝑃𝐷𝐶𝑖. 𝑢max,t⁡_𝑝𝑟𝑒𝑣 (7-8) 
 𝑢𝑚𝑎𝑥,𝑐_𝑖𝑛𝑖𝑖 = 𝑃𝐷𝐶𝑖 . 𝑢max,c⁡_𝑝𝑟𝑒𝑣 (7-9) 
where, 
𝑃𝐷𝐶 = permanent degradation coefficient, 0 ≤ 𝑃𝐷𝐶 ≤ 1; 
𝑢max,t⁡_𝑝𝑟𝑒𝑣 = damper maximum tensile deformation experienced in prior cycles 
of excitation; and 
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𝑢max,c⁡_𝑝𝑟𝑒𝑣 = damper maximum compressive deformation experienced in prior 
cycles of excitation. 
7.2.2.2 Nonlinear Hardening Element 
As shown in Figure 7-2 (c) in the deformation amplitude range of 3.0 in to 6.0 
in, the damper exhibits a hardening behavior followed by severe degradation due to 
breakage of the bond between the thick elastomer layers and the thin steel plates. To 
capture this behavior a nonlinear hardening element with bond breakage was used in the 
damper model, referred to herein as the “hardening element” for brevity. Figure 7-4 
shows the backbone curve of the hardening element, with a strength degradation starting 
at the deformation of 𝑢𝑚𝑎𝑥𝑎 and completing at the deformation of 𝑢𝑚𝑎𝑥𝑏, where the 
element has no strength. The hardening element force is calculated as: 
 
𝐹ℎ(𝑡) = {
𝐴𝑡(𝑡). |𝑢𝑑(𝑡)|
𝑏 ,    ⁡⁡⁡⁡𝑓𝑜𝑟 𝑢(𝑡) ≥ 0
−𝐴𝑐(𝑡). |𝑢𝑑(𝑡)|
𝑏,    𝑓𝑜𝑟 𝑢(𝑡) < 0
 (7-10) 
where, 
𝑏 = constant that defines the hardening shape; and 𝐴𝑡(𝑡) and 𝐴𝑐(𝑡) = the 
parameters that define the hardening force amplitude and degradation, 
determined using Eq. (7-11) and Eq.  
(7-12): 
𝐴𝑡(𝑡) =
{
 
 
 
 𝐴0,     ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                                                                             𝑓𝑜𝑟 𝑢𝑚𝑎𝑥,𝑡(𝑡) ≤ 𝑢𝑚𝑎𝑥𝑎
𝐴0. (
𝑢𝑚𝑎𝑥𝑎
𝑢𝑚𝑎𝑥,𝑡(𝑡)
)
𝑏
. (
𝑢𝑚𝑎𝑥𝑏 − 𝑢𝑚𝑎𝑥,𝑡(𝑡)
𝑢𝑚𝑎𝑥𝑏 − 𝑢𝑚𝑎𝑥𝑎
) ,    𝑓𝑜𝑟 𝑢𝑚𝑎𝑥𝑎 < 𝑢𝑚𝑎𝑥,𝑡(𝑡) < 𝑢𝑚𝑎𝑥𝑏
0,           ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                                                                         𝑓𝑜𝑟 𝑢𝑚𝑎𝑥,𝑡(𝑡) ≥ 𝑢𝑚𝑎𝑥𝑏
 (7-11) 
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𝐴𝑐(𝑡) =
{
 
 
 
 𝐴0,     ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                                                                          𝑓𝑜𝑟 𝑢𝑚𝑎𝑥,𝑐(𝑡) ≤ 𝑢𝑚𝑎𝑥𝑎
𝐴0. (
𝑢𝑚𝑎𝑥𝑎
𝑢𝑚𝑎𝑥,𝑐(𝑡)
)
𝑏
. (
𝑢𝑚𝑎𝑥𝑏 − 𝑢𝑚𝑎𝑥,𝑐(𝑡)
𝑢𝑚𝑎𝑥𝑏 − 𝑢𝑚𝑎𝑥𝑎
) ,  𝑓𝑜𝑟 𝑢𝑚𝑎𝑥𝑎 < 𝑢𝑚𝑎𝑥,𝑐(𝑡) < 𝑢𝑚𝑎𝑥𝑏
0,        ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡                                                                         𝑓𝑜𝑟 𝑢𝑚𝑎𝑥,𝑐(𝑡) ≥ 𝑢𝑚𝑎𝑥𝑏
 
 
(7-12) 
In Eq. (7-11) and (7-12) 𝑢𝑚𝑎𝑥,𝑐(𝑡) and 𝑢𝑚𝑎𝑥,𝑡(𝑡) are as follows: 
 𝑢𝑚𝑎𝑥,𝑡(𝑡) = 𝑚𝑎𝑥(|𝑚𝑎𝑥⁡(𝑢𝑑(0), … 𝑢𝑑(𝑡))|, 𝑢max,t⁡_𝑝𝑟𝑒𝑣) (7-13) 
 𝑢𝑚𝑎𝑥,𝑐(𝑡) = 𝑚𝑎𝑥(|𝑚𝑖𝑛⁡(𝑢𝑑(0), … 𝑢𝑑(𝑡))|, 𝑢max,c⁡_𝑝𝑟𝑒𝑣) (7-14) 
Note that Eqs. (7-13) and (7-14) are the same as Eqs. (7-6) and (7-7) when 
𝑃𝐷𝐶 = 1.0, indicating that bond breakage causes unrecoverable permanent 
degradation. 
According to Eqs. (7-11) and (7-12) and as shown in Figure 7-4 there is no 
degradation at the nonlinear hardening element when 𝑢𝑚𝑎𝑥,𝑡(𝑡) ≤ 𝑢𝑚𝑎𝑥𝑎  and 
𝑢𝑚𝑎𝑥,𝑐(𝑡) ≤ 𝑢𝑚𝑎𝑥𝑎  and the element shows a nonlinear elastic force-deformation 
relation determined by Eq. (7-10). According to Eqs. (7-10) to (7-12) when the damper 
maximum deformation in tension 𝑢𝑚𝑎𝑥,𝑡(𝑡) or compression 𝑢𝑚𝑎𝑥,𝑐(𝑡) exceeds⁡𝑢𝑚𝑎𝑥𝑎  
in loading, the element force 𝐹ℎ(t) at a deformation amplitude of 𝑢𝑑(𝑡) is reduced by a 
factor of (
𝑢𝑚𝑎𝑥𝑎
𝑢𝑚𝑎𝑥,𝑡(𝑡)
)
𝑏
⋅ (
𝑢𝑚𝑎𝑥𝑏−𝑢𝑚𝑎𝑥,𝑡(𝑡)
𝑢𝑚𝑎𝑥𝑏−𝑢𝑚𝑎𝑥𝑎
) and (
𝑢𝑚𝑎𝑥𝑎
𝑢𝑚𝑎𝑥,𝑡(𝑡)
)
𝑏
⋅ (
𝑢𝑚𝑎𝑥𝑏−𝑢𝑚𝑎𝑥,𝑐(𝑡)
𝑢𝑚𝑎𝑥𝑏−𝑢𝑚𝑎𝑥𝑎
) compared 
to the force of the element with no degradation at tension and compression, respectively. 
The element force and stiffness at unloading is reduced by the same factors mentioned 
above compared to the force and stiffness of the element with no degradation.   
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7.2.2.3 Nonlinear Dashpot Element 
The dependence of the damper energy dissipation on the rate of applied 
deformation history is modeled by a nonlinear dashpot element. The force-deformation 
relationship of a nonlinear dashpot element is as follows: 
 𝐹𝑛𝑑(𝑡) = 𝑐. 𝑠𝑖𝑔𝑛(?̇?(𝑡)). |?̇?(𝑡)|
𝑎 (7-15) 
where, 
𝑐 = nonlinear dashpot coefficient; 
𝑎 = nonlinear dashpot exponent; and 
?̇?(𝑡) = rate of applied deformation history. 
Note that the nonlinear dashpot only captures the effect of excitation rate on the energy 
dissipation of the damper, and that the dependence of the static stiffness of the damper 
on the rate of the applied deformation is neglected in the damper model. According to 
the characterization tests presented in Chapter 4, the damper at deformation amplitude 
ranges of 0.1 to 1.0 in, and 1.5 to 2.0 in is about 12% and 5% stiffer, respectively at an 
excitation frequency of 2.0 Hz compared with a frequency of 0.5 Hz. 
7.3 Model Calibration 
7.3.1 Calibration Data Base 
Table 7-2 shows the damper experimental force-deformation hysteretic relation 
data-base, chosen from the damper characterization tests for the damper model 
calibration. Among the characterization tests with deformation amplitudes less than 3.0 
in, the experiments with frequencies of 0.5 Hz, 1.0 Hz and 2.0 Hz were included in the 
calibration data set to allow the model to capture the velocity-sensitive behavior of the 
damper. However, considering the effect of permanent degradation on subsequent 
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cycles with deformation amplitudes of 3.0 in and larger, only the first experiment of 
each group of tests with the same deformation amplitude were included in the 
calibration data- base among experiments with the deformation amplitudes of 3.0 in and 
larger.  
7.3.2 Particle-Swarm Optimization Algorithm 
The damper model calibration was performed using the particle optimization 
algorithm (Kennedy, et al., 1995). This method has been shown to be powerful and 
computationally efficient for finding Bouc-Wen model parameters (Ye, et al., 2007). 
The particle-swarm optimization algorithm is briefly described in this section. 
The PSO estimates the behavior of a swarm as a simplified social system. In a 
PSO system, each particle tries to search for the best position with time in a 
multidimensional space. During flight or swim each particle adjusts its position in light 
of its own experience and the experiences of neighbors, including the current velocity 
and position, the best previous position experienced by itself and its neighbors. The PSO 
is initialized with a group of random particles and then searches for optima by updating 
generations. Particles profit from the discoveries and previous experience of other 
particles during the exploration and search for better objective function values. Let i 
indicate a particle’s index in the swarm.  Each particle flies through the d-dimensional 
search space, 𝑅𝑑 with a velocity 𝑣𝑖, which is dynamically adjusted according to its own 
previous best solution 𝑝𝑏𝑒𝑠𝑡𝑖 and the previous best solution 𝑔𝑏𝑒𝑠𝑡 to modify the current 
search point to avoid the particle flying in the same direction. The velocity updates are 
calculated as a linear combination of position and velocity vectors. The particles interact 
and move according to the following equations (Ye, et al., 2007): 
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 𝑣𝑖(𝑗 + 1) = 𝑤(𝑗)𝑣𝑖(𝑗) + 𝑐1𝑟1𝑖(𝑗). (𝑝𝑏𝑒𝑠𝑡𝑖(𝑗) − 𝑥𝑖(𝑗)) 
+𝑐2𝑟2𝑖 . (𝑔(𝑗) − 𝑥𝑖(𝑗)) 
(7-16) 
 𝑥𝑖(𝑗 + 1) = 𝑥𝑖(𝑗) + 𝑣𝑖(𝑗 + 1) (7-17) 
where, 
𝑣(𝑗) = velocity vector of particle 𝑖 at iteration 𝑗; 
𝑣(𝑗) = position vector of particle 𝑖 at iteration 𝑗; 
𝑝𝑏𝑒𝑠𝑡𝑖(𝑗) =  best of particle 𝑖 at iteration j; 
𝑔𝑏𝑒𝑠𝑡(𝑗) = global best of the swarm found from initialization through iteration 
𝑗; 
𝑐1 = cognitive acceleration coefficient, a particle remembers the best location it 
has encountered and tends to return to it; 
𝑐2 = social acceleration coefficient, a particle moves to global best; 
𝑟1𝑖(𝑘) and 𝑟2𝑖(𝑘) = vectors of pseudo-random numbers and components, 
uniformly distributed between 0 and 1; and 
𝑤(𝑗) = inertia weight calculated as below: 
 
𝑤(𝑗) = 𝑤𝑚𝑎𝑥 − (𝑤𝑚𝑎𝑥 − 𝑤𝑚𝑖𝑛)
𝑗
𝑗𝑚𝑎𝑥
 
(7-18) 
where,  
𝑤𝑚𝑎𝑥= final weight = 0.9; 
𝑤𝑚𝑖𝑛= final weight = 0.4; and 
𝑗𝑚𝑎𝑥= the maximum iteration number. 
The PSO algorithm is described as below (Ye, et al., 2007).: 
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(1) Set the iteration index j to zero. Initialize randomly the swarm 𝑆𝑤 of 𝑁𝑠 
particles such that the position 𝑥𝑖(0) and velocity 𝑣𝑖(0) of each particle meets 
the prescribed conditions. Also initialize the inertia weight. 
(2) Evaluate the fitness of each particle 𝐹(𝑥𝑖(𝑗)). 
(3) Compare the personal best of each particle to its current fitness and set 
𝑝𝑏𝑒𝑠𝑡𝑖(𝑗) to the better performance: 
 
𝑝𝑏𝑒𝑠𝑡𝑖(𝑗) = {
𝑝𝑏𝑒𝑠𝑡𝑖(𝑗 − 1), 𝑓𝑜𝑟⁡𝐹(𝑥𝑖(𝑗)) ≥ 𝐹(𝑝𝑏𝑒𝑠𝑡𝑖(𝑗 − 1))
𝑥𝑖(𝑗),⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝐹(𝑥𝑖(𝑗)) < 𝐹(𝑝𝑏𝑒𝑠𝑡𝑖(𝑗 − 1))
 
(7-19) 
(4) Set the global best 𝑔𝑏𝑒𝑠𝑡(𝑗) to the position of the particle with the best 
fitness within the swarm, namely 
 𝑔𝑏𝑒𝑠𝑡(𝑗) ∊ {𝑝𝑏𝑒𝑠𝑡1(𝑗), 𝑝𝑏𝑒𝑠𝑡2(𝑗),… , 𝑝𝑏𝑒𝑠𝑡𝑁(𝑗)}|𝐹(𝑔𝑏𝑒𝑠𝑡(𝑗)) 
= min⁡{𝐹(𝑝𝑏𝑒𝑠𝑡1(𝑗)), 𝐹(𝑝𝑏𝑒𝑠𝑡2(𝑗)),… , 𝐹(𝑝𝑏𝑒𝑠𝑡𝑁(𝑗))} 
(7-20) 
(5) Change the velocity vector for each particle according to Eq. (7-16), then the 
velocity of each particle is updated according to the following relation 
 
𝑣𝑖(𝑗) ∊ {
𝑉𝑚𝑎𝑥,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝑣𝑖(𝑗 + 1) > 𝑉𝑚𝑎𝑥
−𝑉𝑚𝑎𝑥,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡𝑣𝑖(𝑗 + 1) < −𝑉𝑚𝑎𝑥
𝑣𝑖(𝑗 + 1)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡ − 𝑉𝑚𝑎𝑥 ≤ 𝑣𝑖(𝑗 + 1) ≤ 𝑉𝑚𝑎𝑥
⁡ 
(7-21) 
where 𝑉𝑚𝑎𝑥 is a constant in order to clamp the excessive roaming of particles. 
Generally, the choice of a 𝑉𝑚𝑎𝑥 is equal to the maximum allowable excursion of 
any particle in that dimension. 
(6) Move each particle to its new position according to Eq. (7-17). 
(7) Update the inertia weight according to Eq. (7-18). 
(8) Let 𝑗 = 𝑗 + 1. 
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(9) Go to Step (2) and repeat until the stop criteria are met. The stop criteria 
could be that the maximum iteration number is reached or the minimum error 
condition is satisfied. 
The normalized root mean square error (NRMSE) between the experimental 
measured force and analytical damper force prediction was used as the cost function to 
be minimized in the damper calibration. A weight of 1.0 was applied for the NRMSE 
of experiments with deformation amplitude of 2.0 in and smaller for experiments with 
frequencies of 0.5, 1.0 and 2.0 Hz. Considering that there is three experiments for each 
deformation amplitude of 2.0 in and smaller in the database (one with frequency of 
0.5Hz, one with frequency of 1.0 Hz and one with frequency of 2.0 Hz), while there is 
one experiment for each deformation amplitude of 3.0 and larger, a weight of 3.0 was 
applied for the NRMSE of experiments with deformation amplitudes of 3.0 in and larger 
in the calculation of the optimization cost function, so all deformation amplitudes have 
the same relevance in the model calibration. The first and last four cycles were only 
included in the model calibration to prevent the damper behavior at full cycles from 
dominating the model. 
7.3.3 Calibration Constrains and Results 
Preliminary studies showed that although four elements are required in the 
damper model to capture the damper behavior, not all parameters of the elements need 
to be independent variables. In order for the algorithm to result in unique damper model 
parameter values, some of the parameters need to be constrained. Preliminary studies 
showed that: 
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(1) Values of 𝛽1 = 𝛽2 = 𝛾1 = 𝛾2 = 0.5, and  𝑛1 = 𝑛2 = 1.0 can be assumed 
and further fine tuning of these parameters will not improve the model.  
(2) The damper degradation in the softening range can be captured by one 
independent degrading stiffness parameter, where it could be assumed that 
𝑘𝑎2 = 0.  
(3) The damper initial stiffness can be captured by one independent stiffness 
parameter, and the non-degrading stiffness of the two Bouc-Wen elements could 
be assumed to be equal, i.e. 𝑘𝑏2 = 𝑘𝑏1 .  
(4) The first yielding point of the damper occurs at small deformation amplitudes 
(Figure 7-2 (a)) close to 𝑢𝑦1 = 0.1⁡𝑖𝑛.  
(5) The breakage of the bond between the thick elastomer layers and the steel 
plates that leads to a severe strength degradation, as shown in Figure 7-2 (c), 
starts at a deformation amplitude of about 3.0 in. and completes at a deformation 
amplitude of about 6.0 in., i.e., 𝑢𝑚𝑎𝑥𝑎 = 3.0⁡𝑖𝑛. , 𝑢𝑚𝑎𝑥𝑏 = 6.0⁡𝑖𝑛.  
(6) For 𝐴0 parameter of the hardening element a value of 𝐴0 = 1.0⁡(𝐾𝑖𝑝𝑠/
(𝑖𝑛/𝑠)𝑎) was found to be a reasonable, where "𝑎" is the nonlinear dashpot 
coefficient.  
To investigate the uniqueness of the response obtained from regression analysis 
and verify that there are no redundant parameters in the damper model, the regression 
analysis was performed twice and two damper models, called Model A and Model B, 
were developed. Table 7-3 lists the two distinct centers of the search spaces that were 
chosen in the regression analysis for these two models. The calibration results obtained 
from the particle swarm optimization algorithm listed in Table 7-4, show that although 
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the initialization of the optimization algorithm was different, the calibrated Models A 
and B are almost identical. Figure 7-5 compares the experimental and analytical damper 
force-deformation hysteresis loops of the experiments listed in Table 7-1. The damper 
model provides good predictions of the experimental hysteresis loops at different 
deformation amplitudes. As shown in Figure 7-6, the difference between the predicted 
hysteresis loops of Model A and B is negligible. 
7.3.4 Error Measures and Accuracy of Damper Models 
Several error measures were used in this study to assess the accuracy of the 
calibrated damper models. These error measures include the normalized root mean 
square error (NRMSE), coefficient of determination (𝑅2) and average maximum 
damper force error (AMDFE). (Montgomery, et al., 2006) 
NRMSE is widely used as an error measure in regression analysis. Assume the 
values of a function called target function is predicted by a model function 𝑓𝑚𝑜𝑑 at 𝑛 
points. In this case, two of the most common formulations of NRMSE that represent the 
error between the target and model function are as follows:  
 
𝑁𝑅𝑀𝑆𝐸𝐴 = √
∑(𝑓𝑡𝑎𝑟 − 𝑓𝑚𝑜𝑑)2
∑(𝑓𝑡𝑎𝑟)2
 (7-22) 
and 
 
𝑁𝑅𝑀𝑆𝐸𝐵 =
√∑(𝑓𝑡𝑎𝑟 − 𝑓𝑚𝑜𝑑)
2
n
(max(𝑓𝑡𝑎𝑟) − min(𝑓𝑡𝑎𝑟))
 
(7-23) 
Note that 𝑁𝑅𝑀𝑆𝐸𝐴 normalizes the root mean square error between the target 
function and the model function, to the root mean square (RMS) of the target function, 
while 𝑁𝑅𝑀𝑆𝐸𝐵 normalizes the same root mean square error with respect to the target 
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function amplitude range. The difference between 𝑁𝑅𝑀𝑆𝐸𝐴 and 𝑁𝑅𝑀𝑆𝐸𝐵 is described 
with an example. Figure 7-7 shows two force time history cases, where in Case 1 the 
target function has a sinusoidal loading history with four full cycles of constant 
amplitude and in Case 2 the target function has a sinusoidal loading history with four 
cycles of decreasing amplitude. The amplitude of the target function is 1.0 kips and the 
estimator (model) function always over-predicts the force by 0.1 kips in both cases. 
Regarding that 𝑁𝑅𝑀𝑆𝐸𝐴 normalizes the RMS error, which does not change between the 
two cases, to the RMS of the target function, which is smaller in case 2; 𝑁𝑅𝑀𝑆𝐸𝐴 values 
are larger in case 2 (20%), compared with case 1 (14%), since the RMS error is the same 
for both cases and the RMS of the target function is smaller for case 2.  𝑁𝑅𝑀𝑆𝐸𝐵 = 5% 
for both cases since the RMS error and the force range are similar for both cases. As 
shown in this example, 𝑁𝑅𝑀𝑆𝐸𝐵 is more sensitive to the small discrepancies or offsets 
between the target and model function at small amplitude cycles of a force time history, 
compared with 𝑁𝑅𝑀𝑆𝐸𝐴.   
𝑁𝑅𝑀𝑆𝐸A is related to another widely accepted error measure, the coefficient of 
determination 𝑅2: 
 
𝑅2 = 1 −
∑(𝑓𝑡𝑎𝑟 − 𝑓𝑚𝑜𝑑)
2
∑((𝑓𝑡𝑎𝑟) − 𝑓𝑡𝑎𝑟̅̅ ̅̅ ̅)2
 (7-24) 
In Eq.(7-24) 𝑓𝑡𝑎𝑟̅̅ ̅̅ ̅ is the mean value of 𝑓𝑡𝑎𝑟. When 𝑓𝑡𝑎𝑟̅̅ ̅̅ ̅ = 0, 𝑁𝑅𝑀𝑆𝐸A and 𝑅
2 
are related by: 
 𝑅2 = 1 − 𝑁𝑅𝑀𝑆𝐸A
2 (7-25) 
A model with 𝑅2 = 0.91 is interpreted as a model that accounts for 91% of the 
variability in the target function. Note that 𝑅2 = 91% corresponds to 𝑁𝑅𝑀𝑆𝐸A = 30%.  
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In this study 𝑁𝑅𝑀𝑆𝐸A between the experimental and analytical damper force 
was used as the cost function of the damper model calibration in an attempt to achieve 
a model that captures the damper behavior in the large and small deformation amplitude 
cycles with the least amount of divergence. Three other error measures were used in 
analysis of goodness of fit: 𝑅2, 𝑁𝑅𝑀𝑆𝐸B and AMDFE. 𝑅
2 combined with 𝑁𝑅𝑀𝑆𝐸B 
provides additional information on goodness of fit. A large value of 𝑅2 accompanied by 
a small value of 𝑁𝑅𝑀𝑆𝐸B means good agreement between experimental and analytical 
damper forces throughout the time history. A smaller value of 𝑅2 accompanied by a 
small value of 𝑁𝑅𝑀𝑆𝐸B means that there are small discrepancies and offsets between 
the experimental and analytical damper force time histories relative to the damper force 
range,. A small value of  𝑅2 accompanied by a large value of 𝑁𝑅𝑀𝑆𝐸B means the model 
does not capture the damper behavior properly. The 𝑅2 and 𝑁𝑅𝑀𝑆𝐸𝐵 values were 
calculated using the first and the last four cycles of each characterization test included 
in the model calibration, and is consistent with the cost function used in the regression 
analysis. The AMDFE was used to verify that the model predicts the maximum force of 
the damper with sufficient accuracy. The AMDFE is defined as the average of the error 
of the eight full cycles between the experimental and analytical damper force at the time 
instant of the maximum experimental damper force of each cycle.  
To report the error between the experimental and analytical damper forces, 
experiments were divided to four subsets. Three subsets of harmonic excitations with 
amplitude of less than 2.0 (in) and frequencies of 0.5, 1.0 and 2.0 (Hz), and one subset 
of harmonic excitations with deformation amplitudes larger than and including 3.0 in 
with frequencies shown in Table 7-1 were formed and the average of each error measure 
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among experiments of each subset was calculated, and the results are given in Table 
7-5. Assessment of the results was performed to provide more information on 
capabilities of the damper model at capturing different behaviors. The average 𝑅2 error 
for characterization tests with deformation amplitude up to 2.0 in is above 98% and 
𝑁𝑅𝑀𝑆𝐸𝐵 is below 3% for tests with frequencies of 0.5, 1.0 and 2.0 Hz, indicating that 
variability in damper force in the softening range (harmonic tests in Table 7-5 with 
deformation amplitude less than 2.0 in) is well accounted for by the damper model at 
different excitation frequencies. The average AMDFE in this deformation amplitude 
range increases with an increase in frequency, indicating that the damper maximum 
force is better approximated at smaller frequencies. The average 𝑅2, 𝑁𝑅𝑀𝑆𝐸𝐵 and 
AMDFE values are about 96%, 5% and 11% for harmonic tests with deformation 
amplitudes greater than 3.0 in, indicating that damper behavior is well approximated by 
Models A and B in this deformation range. However, less accuracy is achieved 
compared with when the damper is subjected to smaller deformation amplitudes. 
7.4 Model Validation for Transient Excitations 
The accuracy of the model subjected to transient excitations was verified. 
Several RTHSs were performed and the experimental measured hysteresis loops of the 
damper subjected to transient deformation time histories was used for model verification 
and updating. Background on the RTHS methodology of testing is given in Chapter 9. 
The 0.6 scale MRF-DBF structural system introduced in Chapter 6, with two 
different damper configurations were used for RTHSs. Configuration 1 consisted of 
same 100V and DBF designed in Chapter 6 but with two experimental dampers in the 
3rd story and no damper in the other stories, and Configuration 2 is consisted of same 
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100V and DBF and damper layout designed in Chapter 6 with four and three 
numerically modeled dampers, and two experimentally modeled dampers, in the 1st, 2nd 
and 3rd stories, respectively. The analytical dampers were modeled using the damper 
model that was calibrated to capture the damper deformation up to an amplitude of 2.0 
in. The experimental substructure in both design cases contains only the 3rd story 
dampers. The ground motions used for the RTHS and the test matrix are listed in Table 
7-6 and Table 7-7, respectively. As shown in Table 7-6 Record 1 and Record 3 are from 
Kacaeli 1999 earthquake and Record 2 is from Chi-Chi 1999 earthquake. As shown in 
Table 7-7, the ground motions applied to Configuration 1 are scaled to create about 
1.5% maximum story drift, and the ground motions applied to Configuration 2 are 
scaled to the DBE and MCE hazard levels. 
Figure 7-8 shows a comparison between experimental and Model A predicted 
damper hysteresis loops from the experiments listed in Table 7-7. Table 7-5 shows the 
average error measures in these transient tests, where 𝑅2 and 𝑁𝑅𝑀𝑆𝐸𝐵 and AMDFE 
are around 93.5%, 2.6%, and 8.5% for model A, respectively and 93.8%, 2.6% and 8.4% 
for Model B, respectively. 𝑅2 is smaller compared to the characterization tests and 
𝑁𝑅𝑀𝑆𝐸𝐵 is larger compared to characterization test up to an amplitude of 2.0 in and 
frequency of 1.0 Hz. The error measures shown in Table 7-5 and the hysteresis loops 
shown in Figure 7-8 validate the accuracy of the proposed damper model subjected to 
earthquake response histories. 
7.5 Model Updating Using Damper Earthquake Response Histories 
To investigate the effect of including damper force-deformation hysteresis loops 
subjected to transient deformation time histories in damper model calibration, another 
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damper model was calibrated (Model C) with Tests 1 to 9 added to the previous model 
calibration data base to make the new database. The cost function used in calibration of 
Model C is 𝑁𝑅𝑀𝑆𝐸𝐴 between the predicted and experimental damper force time history 
with a weight of 1 assigned to NRMSE of experiments with deformation amplitude of 
2.0 in and smaller and a weight of 3 assigned to NRNSE of experiments with 
deformation amplitude of 3.0 in and larger and a weight of 1 associated with error of 
Tests 1 to 9. Note that Test 1s to 9 were not included in calibration of Models A and B. 
As shown in Table 7-3, the initial damper model parameters at the center of the search 
space of the regression analysis are same as those used in calibration of Model A. Table 
7-4 shows the damper Model C parameters obtained by the regression results. 
Comparisons between the experimental measured and Model C predicted force-
deformation damper hysteresis loops for harmonic characterization tests and earthquake 
response tests are shown in Figure 7-9 and Figure 7-10, respectively. The values of 𝑅2 
and 𝑁𝑅𝑀𝑆𝐸𝐵 error measures listed in Table 7-5 indicate that Model C is about as 
accurate as Models A and B for harmonic tests with deformation amplitudes up to 2.0 
in and a frequency of 1.0 Hz. The error measures of Model C are about the same as 
Models A and B for harmonic tests with frequencies of 0.5 Hz and 2.0 Hz, except for 
the AMDFE which is higher for Model C compared to Models A and B. The higher 
AMDFE of Model C compared with Models A and B indicates that the maximum 
damper force predicted by Model C has more error than Models A and B for harmonic 
tests with deformation amplitudes up to 2.0 in. The model seems to have similar 
accuracy as Models A and B in predicting the damper behavior in harmonic tests with 
deformation amplitudes larger than 3.0 in. The 𝑁𝑅𝑀𝑆𝐸𝐵 and AMDFE error measures 
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are somewhat smaller for the transient tests of Model “C” compared to Models A and 
B. Comparing the accuracy of Models A, B and C, it can be concluded that when 
transient response histories are not available, calibration of a damper model using a 
series of harmonic characterization tests can lead to a reliable model for transient 
earthquake response prediction. 
7.6 Summary 
A rigorous damper model was developed that captures important aspects of the 
damper behavior. The damper model was calibrated using harmonic characterization 
tests and verified and updated using earthquake damper response histories. The damper 
model predicts the damper force time history with good accuracy for both harmonic and 
transient excitations. It was found that including earthquake response histories in the 
calibration of the damper model slightly improves the model force predictions subjected 
to such excitations. The model captures the damper behavior in a wide deformation 
range which allows it to be used for NDTHA of structures subjected to DBE and MCE 
hazard levels as well as collapse analysis for damper deformation up to 8.0 (in). 
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Table 7-1. Selected experiments for damper behavior description 
Deformation amplitude (in) Frequency (Hz) Ambient temperature (°F)  
0.25 to 2.0 1.0 68 
3.0 1.0 50 
4.0 to 6.0 0.1 68 
7.0 to 8.0 0.5 68 
 
Table 7-2. Selected experiments for damper model calibration 
Deformation amplitude (in) Frequency (Hz) Ambient temperature (°F) 
0.25 to 2.0 0.5, 1.0, 2.0 68 
3.0 1.0 50 
4.0 to 6.0 0.1 68 
7.0 to 8.0 0.5 68 
 
Table 7-3. Center of search space at damper model calibration 
Model 
Parameter 
c 
(
𝒌𝒊𝒑𝒔
(𝒊𝒏 𝒔⁄ )𝒂
) 
a 𝒌𝒂𝟏 
(
𝑘𝑖𝑝𝑠
𝑖𝑛
) 
𝒌𝒃𝟏 
(
𝑘𝑖𝑝𝑠
𝑖𝑛
) 
𝜶𝟏 𝒖𝒓𝒆𝒇𝟏 
(𝑖𝑛) 
𝑷𝑫𝑪𝟏 𝜶𝟐 𝒖𝒚𝟐 
(𝑖𝑛) 
𝒃 
A 2.0 0.4 80.0 10.0 0.3 1.50 0.5 -0.40 1.50 1.50 
B 1.0 0.7 60.0 5.0 0.5 4.0 0.5 -0.5 2.50 2.0 
C 2.0 0.4 80.0 10.0 0.3 1.50 0.5 -0.40 1.50 1.50 
 
Table 7-4. Converged parameters of damper model from regression analysis 
Model 
Parameter 
c 
(
𝒌𝒊𝒑𝒔
(𝒊𝒏 𝒔⁄ )𝒂
) 
a 𝒌𝒂𝟏 
(
𝑘𝑖𝑝𝑠
𝑖𝑛
) 
𝒌𝒃𝟏 
(
𝑘𝑖𝑝𝑠
𝑖𝑛
) 
𝜶𝟏 𝒖𝒓𝒆𝒇𝟏 
(𝑖𝑛) 
𝑷𝑫𝑪𝟏 𝜶𝟐 𝒖𝒚𝟐 
(𝑖𝑛) 
𝒃 
A 3.11 0.33 85.02 10.78 0.39 1.30 0.62 -0.44 1.27 3.10 
B 3.05 0.34 85.44 10.89 0.38 1.31 0.62 -0.43 1.26 3.10 
C 2.20 0.44 92.09 11.83 0.34 1.28 0.5 -0.38 1.20 3.14 
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Table 7-5. Error between measured experimental and model predicted damper force 
time histories 
Test 
𝑹𝟐 (%) 𝑵𝑹𝑴𝑺𝑬𝑩(%) AMDFE (%) 
A B C A B C A B C 
Harmonic, 
0.5-2.0 (in), 0.5 
(Hz) 
99.14 99.12 98.95 2.33 2.35 2.57 2.05 2.02 3.18 
Harmonic, 
0.5-2.0 (in), 1.0 
(Hz) 
99.27 99.28 99.29 2.14 2.13 2.11 3.86 3.83 5.91 
Harmonic, 
0.5-2.0 (in), 2.0 
(Hz) 
98.76 98.79 98.96 2.79 2.75 2.54 8.06 7.97 9.99 
Harmonic, 
3.0-8.0 (in) 
96.67 96.64 96.30 4.76 4.78 5.02 11.02 10.98 11.80 
Transient 93.55 93.80 96.41 2.62 2.57 1.92 8.49 8.39 6.91 
 
Table 7-6. List of ground motions used for RTHS to assess damper model 
Record Earthquake Station Component 
1 Kocaeli 1999 Duzce DZC180 
2 Chi-Chi 1999 TCU042 TCU042-E 
3 Kocaeli 1999 Yarimca YPT060 
 
Table 7-7. RTHS test matrix for damper model assessment 
Test Damper Configuration Ground motion Record Hazard level 
1 1 1 1.5% maximum drift 
2 1 2 1.5% maximum drift 
3 1 3 1.5% maximum drift 
4 2 1 DBE 
5 2 2 DBE 
6 2 3 DBE 
7 2 1 MCE 
8 2 2 MCE 
9 2 3 MCE 
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Figure 7-1. Damper full cycle hysteresis loops of experiments listed in Table 7-1 
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            (a)  Yielding at small deformations          (b) Yielding at large deformations 
    
            (c) Hardening and bond breakage        (d) Strength degradation and softening  
      
         (e) Non-recoverability of degradation              (f) Permanent degradation 
Figure 7-2. Illustrated important aspects of damper behavior 
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Figure 7-3. Schematic of damper model 
 
Figure 7-4. Force-deformation backbone curve of hardening element 
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Figure 7-5. Comparison of experimental and Model A predicted hysteresis loops for 
experiments listed in Table 7-1 
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Figure 7-6. Comparison of Models A and B predicted hysteresis loops for experiments 
listed in Table 7-1 
   
           (a) Case 1- sinusoidal functions         (b) Case 2- sinusoidal function with ramp-   
down cycles 
Figure 7-7. Case studies to explain the effect of time history shape on error measures  
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Figure 7-8. Comparison of experimental and Model A predicted force-deformation 
hysteresis loops subjected to transient excitations listed in Table 7-7 
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Figure 7-9. Comparison of experimental and Model C predicted force-deformation 
hysteresis loops for experiments listed in Table 7-1 
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Figure 7-10. Comparison of experimental and model C predicted force-deformation 
hysteresis loops subjected to transient excitations listed in Table 7-7. 
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Chapter 8. NDTHA and Performance Evaluation of the Designed Steel 
Structures with Elastomeric Dampers 
8.1 General 
This chapter evaluates the performance of the structures designed in Chapter 6, 
including the 100V, 100V+DBF and 75V+DBF, subjected to the FOE, DBE and MCE 
hazard level earthquakes. The designed structures are modeled in OpenSees and 
numerical simulations are performed. The damper model developed in Chapter 7 is 
implemented into OpenSees and used to develop finite element models for the 
simulations. The results of NDTHA are used to assess the performance of the structures 
and to investigate the effectiveness of using elastomeric dampers to improve the seismic 
performance of building structural systems.  
8.2 OpenSees Model 
The in-plane response of the structure was of primary intent of this study, 
therefore a two dimensional model was developed. Figure 8-1 shows a schematic of the 
OpenSees model of the structures with dampers used for the NDTHA. The model 
includes one-quarter of the floor plan of the building (See Figure 6-1), and therefore 
includes an MRF, a DBF, a lean-on column, and the tributary floor mass. The MRF 
model includes beams, columns, panel zones at the intersection of beams and columns, 
and RBSs. The beams and columns were modeled using force-based nonlinear beam-
column fiber elements, where the RBSs were modeled using three different sections 
over the RBS. The average of the minimum and maximum flange width in each segment 
is used as the RBS flange width of the section. The panel zones were modeled using a 
nonlinear panel zone element that considers shear and a symmetric mode of column 
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bending deformations (Seo, et al., 2009). The DBF model consists of DBF members 
that include the beams, columns, dampers, tee connections, gusset plates, damper-gusset 
connectors, and damper-beam connectors. Similar to the MRF model, force-based 
nonlinear beam-column fiber elements were used to model the DBF members.  
Each nonlinear beam-column fiber section in MRF and DBF includes 12 fibers 
in the section web and 5 fibers in the section flange. The integration along the element 
is based on Gauss-Labatto quadrature rule with 5 integration pints. The constant 
acceleration Newmark integrator and Newton-Krylov solution algorithm, along with a 
time step of 0.005 sec. were used to perform analysis. If convergence is not achieved in 
an iteration in a step, the size of the time step is reduced by a factor of two in the next 
iteration until convergence is achieved. The suitability of the chosen time step was 
verified by comparing the analysis results obtained with the chosen time step and 
smaller time steps.  
The nonlinear rate dependent damper model developed in Chapter 7 was used to 
model the dampers, with each damper group at a floor being modeled with one damper 
element. The lean-on column modeled the gravity frames and the floor mass is assigned 
to nodes of the lean-on column. A rigid floor diaphragm was modeled by constraining 
the horizontal displacements of the lean-on column nodes to be equal to that of the MRF 
and DBF beam mid-span top flange nodes (See Figure 8-1). The shear flexibility of the 
members was included in the model. A geometric stiffness combined with the co-
rotational formulation was used to model the 2nd order displacements. A Rayleigh 
proportional damping matrix with 2% damping in the 1st and 2nd modes was used to 
model the inherent damping of the building: 
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 𝐶 = 𝑎0𝑀+ 𝑎1𝐾 (8-1)  
where,  
𝐶 = the damping matrix; 
𝑀 = the mass matrix;   
𝐾 = the stiffness matrix that includes tangent stiffness of structural members 
except for the dampers, and the secant stiffness of the dampers, predicted by the 
SDP, at each hazard level; and  
𝑎0 and 𝑎1 = the mass and stiffness proportional damping matrix coefficients, 
respectively calculated as (Chopra, 1998): 
 
𝑎0 = 𝜁
2𝜔1𝜔2
𝜔1 + 𝜔2
⁡⁡ (8-2a)  
 
𝑎1 = 𝜁
2
𝜔1 + 𝜔2
⁡ 
(8-2b)  
where,  
𝜁 = the modal damping ratio equal to 2%; and  
𝜔1 and 𝜔2 = the 1
st and 2nd mode natural frequencies, respectively predicted by 
the SDP at each hazard level.  
8.3 Ground Motion Selection 
Considering that the NDTHA need to be performed on three different structures 
with different linear-elastic periods, and considering that the linear-elastic periods of the 
structures with dampers are different at different hazard levels, a set of general ground 
motion was selected that matches the target spectrum over the period range of interest. 
Hence, a set of 20 ground motions was selected from the PEER NGA data base (PEERC, 
2014), with a median spectral acceleration that matches the design spectrum over the 
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full scale period range of 0.26 to 2.58 sec (equivalent to scaled period range of 0.2 to 
2.0 sec). The ground motions and the target spectrum were time scaled and the average 
scaling method (Baker, 2011) in the 0.6-scaled period range of 0.2 to 2.0 sec was used 
to scale the ground motions. The selected ground motion records are far field records; 
recorded at NEHRP class D sites, have a minimum usable frequency smaller than 0.125 
Hz, and have a DBE scale factor less than 2.0. Following the recommendations in 
FEMA P695 ( FEMA P695, 2009), a far field ground motion is defined to have a source-
to-site distance of more than 10 km, where the source-to-site distance is taken as the 
average of the Campbell-Bozorgnia (2008) and Joyner-Boore (1997) fault distances. To 
avoid having a ground motion set mainly governed by characteristics of an event the 
maximum number of ground motions from the same event was limited to three. Table 
8-1 shows the list of ground motions and the scale factors applied at the FOE, DBF and 
MCE hazard levels. 
Figure 8-2 shows the scaled response spectra of the selected ground motions, the 
median response spectrum of the scaled ground motion set, and the target spectrum at 
the FOE and DBE and MCE hazard levels. The target response spectrum at the DBE 
hazard level was chosen to be same as the ASCE 7-10 (2010) design spectrum. It should 
be noted that ASCE 7-10 (2010) assumes the DBE earthquake to have two-thirds of the 
intensity of an MCE earthquake, where an MCE earthquake has a 2% probability of 
exceedance in 50 years. Considering that an FOE hazard level response spectrum is not 
defined in the design codes, a site needs to be chosen in order to extract the FOE hazard 
response spectrum. An FOE earthquake is defined to have a 50% probability of 
exceedance in 50 years. For consistency, the chosen site should have a DBE uniform 
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hazard spectrum close to the design spectrum. The chosen site is located in Pomona, 
CA with parameters shown in Table 8-2 (Dong, 2015), where 𝑉𝑠30 is the average shear-
wave velocity in the top 30 m of the site profile, and 𝑍2.5 is the depth of the sedimentary 
column including shallow sediment and the 3-D basin effect. The uniform hazard curves 
were derived using the Campbell-Bozorgnia attenuation function (Campbell, et al., 
2008). Figure 8-3 shows a comparison of the design spectrum and the DBE uniform 
hazard curve of the selected site, where good agreement between the two is evident. 
Note that ASCE 41-06 requires the ground motion set to include no fewer than 
three ground motion time histories that shall be selected and scaled from no fewer than 
three recorded events. Also for performance evaluation it indicates that if fewer than 
seven time history analysis are performed, the maximum response of interest shall be 
used for design and if seven or more time history analysis are performed, the average 
value of each response parameter should be used for design. Hence the chosen ground 
motion set is consistent with ASCE 41-06 recommendations and includes the required 
number of ground motions for performance assessment based on the average value of 
each response parameter. 
The scale factors shown in parenthesis in Table 8-1 for record numbers 12, 13 
and 19 are scale factors that were used in another study by Dong (2014) on viscous 
dampers related to this project. To be consistent with that study, the scale factors of that 
study are used here.  
8.4 NDTHA Results 
Figure 8-4 through Figure 8-11 show a summary of the NDTHA results for 
100V, 100V+DBF and 75V+DBF designs, including maximum story drift, residual 
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story drift, maximum MRF beam plastic rotation, maximum MRF column plastic 
rotation, maximum damper deformation, maximum damper force, and maximum brace 
axial deformation. The median DBE maximum story drift for the 100V+DBF and 
75V+DBF designs is smaller than 1.5%. Note that the predicted design drift by the SDP 
for all three design cases is in close agreement with the median NDTHA results shown 
in Figure 8-4. The dampers are shown to be effective in reducing story drift, residual 
story drift, and the MRF beam and column plastic rotation when comparing the results 
for the 100V design with the 100V+DBF and 75V+DBF designs. The plastic rotations 
are larger in the 75V+DBF design compared with the 100V+DBF design because both 
structures have the same members but the 75V+DBF structure experiences a greater 
story drifts.  
The SDP provides close estimates for the damper deformation and damper force 
(See Figure 8-8 through Figure 8-11). The median maximum damper deformation at the 
MCE hazard level is 1.59 and 2.16 in for the 100V+DBF and 75V+DBF designs, 
respectively, indicating no significant damage to the dampers would occur during a 
median MCE earthquake.  
Figure 8-12 shows the median DBF brace plastic axial deformation. The median 
axial deformation is zero at the FOE and DBE hazard levels for both the 100V+DBF 
and 75V+DBF designs. There is some small axial plastic deformation in the diagonal 
braces that occurs under the MCE hazard level. The median plastic rotation in the DBF 
columns is zero for all hazard levels since more than half of the ground motions caused 
no plastic rotation in the DBF columns. Hence no plot for the DBF column plastic 
237 
 
rotation is provided in this section. The DBF beams remained elastic in all analysis cases 
for the 100V+DBF and 75V+DBF designs at all hazard levels.  
8.5 Performance Assessment  
ASCE 41-06 Standard (2006), developed based on and superseding FEMA 356 
(2000) Prestandard, is the newest criteria currently available on performance based 
seismic design and rehabilitation. This standard defines four damage control and 
building performance levels as: operational (O); immediate occupancy (IO); life safety 
(LS); and, collapse prevention (CP). Table 8-3 describes the extent of damage associated 
with each performance level. Qualitatively speaking, a structure with performance level 
of CP, LS, IO, or O is expected to experience severe, moderate, light, or very light 
damage, respectively, when subjected to the design basis earthquake. A structure 
designed based on codes is expected to achieve a performance level between IO and LS, 
at the design basis earthquake.  
Table 8-4 shows structural performance levels and damage for steel moment 
resisting frames. Performance levels are described for primary and secondary members 
and performance limits are provided for transient and permanent drifts. According to 
ASCE 41-06 a structural component that is required to resist seismic forces in order for 
the structure to achieve the selected performance level should be classified as primary 
and a structural component that is not required to resist seismic forces in order for the 
structure to achieve the selected performance level should be permitted to be classified 
as secondary. According to this definition MRF and DBF members are classified as 
primary members. 
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A maximum story drift of 0.7, 2.5 and 5% and a residual story drift of negligible, 
1.0 and 5% correspond to IO, LS and CP performance levels, respectively, per ASCE 
41-06 (2006). As shown in Table 8-4 ASCE 41-06 does not quantitatively specify the 
residual story drift limit associated with IO performance level. In this study a residual 
story drift less than 0.2% was assumed to be negligible based on the column plumbness 
criteria defined in AISC 303 (2010).    
Table 8-5 shows structural performance levels and damage for steel braced 
frames. A maximum story drift of 0.5, 1.5 and 2% and a residual story drift of negligible, 
0.5 and 2% correspond to IO, LS and CP performance levels of a braced steel frame. 
Note that in Table 8-5 a maximum story drift of 1.5% is expected to cause yielding and 
buckling of braces and connection failures. The behavior of a DBF is different than a 
conventional steel braced frame. At the same story drift, the force demands in a DBF 
are much smaller than those in a corresponding steel braced frame with no damper, due 
to the smaller stiffness of the dampers compared with the braced frame. As discussed in 
Section 8.4 there is negligible yielding in the DBF members and a maximum story drift 
of about 1.5% did not correspond to the damage described in Table 8-5. Therefore in 
this study the maximum story drift criteria associated with steel braced frames are not 
considered in performance assessment. 
Figure 8-13 schematically shows the component acceptance criteria used in 
ASCE 41-06 (2006) for primary (P) and secondary (S) elements, where: 
𝑄 = the generalized component force; 
𝛥 = the component deflection; 
𝜃 = the total elastic and plastic chord rotation of the component;  
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Table 8-6 shows the acceptance criteria for nonlinear procedures and structural 
steel components including beams, columns, and braces, where: 
𝐹𝑦𝑒 = the expected yield strength of the material; 
𝜃𝑝 = the plastic chord rotation of the component;  
𝜃𝑦 = the chord rotation at yield; 
𝑃 = the axial force in the member at the instant of computation;  
𝑃𝐶𝐿 = the lower-bound strength of steel column under axial compression; and 
𝛥𝑐 = the axial deformation at expected buckling load. 
The acceptance criteria sets limitation on the plastic rotation of beams and 
columns and the axial plastic deformation of braces at each performance level. 
According to ASCE 41-06 the lower-bound yield strength of ASTM A572 Grade 50 
steel is 50 ksi and the expected yield strength of the material is 10% larger than the 
lower-bound value. However in this study both the lower bound and expected yield 
stress of steel were assumed to be equal to steel nominal yield stress to keep the 
acceptance criteria consistent with the analysis results obtained from the OpenSees 
model. 
As shown in Table 8-6 the accepted beam and column plastic rotation at each 
performance level is provided as a factor of the chord rotation at yield 𝜃𝑦. Eq. (8-3) and 
Eq. (8-4) can be used for calculation of 𝜃𝑦 for beams and columns, respectively when 
the point of countraflexure is anticipated to occur at the mid-length of the member. 
 
𝜃𝑦 =
𝑍𝐹𝑦𝑒𝑙𝑏
6𝐸𝐼𝑏
 (8-3)  
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𝜃𝑦 =
𝑍𝐹𝑦𝑒𝑙𝑐
6𝐸𝐼𝑐
(1 −
𝑃
𝑃𝑦𝑒
) 
(8-4)  
where, 
𝐸= the modulus of elasticity; 
𝐼𝑏, 𝐼𝑐 =  the moment of inertia of beam and column; 
𝑙𝑏, 𝑙𝑐 = the length of beam and column, respectively;  
𝑍 = the plastic section modulus; and 
𝑃𝑦𝑒= the expected yield force of the member = 𝐴𝑔𝐹𝑦𝑒.  
Note that Eq. (8-3) and Eq. (8-4) are valid for prismatic members. Since the 
cross section of the MRF beam varies over the length of the RBS in the beam, the 
rotational stiffness of the beams will not be equal to 6𝐸𝐼𝑏 𝑙𝑏⁄  and needs to be calculated 
using an elastic analysis. The expected plastic moment of the beam also should be 
calculated by extrapolating the expected RBS center plastic moment to the column face. 
The yield chord rotation of the beam can be calculated using the expected plastic 
moment at the column face and the rotational stiffness of the beam. In this study the 
maximum axial force of MRF and DBF columns at all hazard levels obtained from 
NDTHA was conservatively used as P in calculation of the MRF and DBF column chord 
rotation at yield. Using the chord rotation at yield 𝜃𝑦 and the acceptance criteria shown 
in Table 8-6, the allowable plastic rotations of beams and columns at each performance 
level are found.  
As was described in Section 8.2, nonlinear beam-column fiber elements are used 
to model the beams and columns in the OpenSees models of the designed structures, 
rather than the model described in ASCE 41-06 (2006), therefore only the component 
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deformation acceptance criteria suggested by ASCE 41-06 (2006) were used in this 
study for the performance evaluation of structural members. 
As noted previously, ASCE 41-06 indicates than if seven or more time history 
analysis are performed, the average value of each response parameter shall be used for 
design. In other words the average value of each response parameter should be 
compared with the corresponding performance limits to find the achieved performance 
level. In addition to evaluating the performance of the designs using ASCE 41-06 
approach, the cumulative distribution function (CDF) associated with each response 
parameter and the probability of exceeding each performance level is reported to 
provide more information on probability of a satisfactory performance during an 
earthquake.      
Figure 8-14 through                    (a) FOE                                (b) DBE                                 
(c) MCE 
Figure 8-19 show the CDF of the maximum story drift (𝜃), residual story drift 
(𝜃𝑟), maximum MRF beam plastic rotation (𝜃𝑏,𝑝_𝑀𝑅𝐹), maximum MRF column plastic 
rotation (𝜃𝑝,𝑐_𝑀𝑅𝐹), maximum DBF column plastic rotation (𝜃𝑝,𝑐_𝐷𝐵𝐹), and maximum 
brace axial plastic deformation (𝛥𝑝,𝑏𝑟_𝐷𝐵𝐹) of the designs subjected to the FOE, DBE 
and MCE hazard levels, respectively, and compares them with ASCE 41-06 
performance levels. CDFs are calculated as 𝑖 (𝑛 + 1)⁄ , where 𝑖 is the index of the 
response parameter when sorted in ascending order and 𝑛 = 20 is the sample size, due 
to 20 ground motions (Ang, et al., 2007). Note that when values of a response parameter 
are greater than a performance limit for all ground motions, then the probability of 
exceedance of the performance level for the response parameter is greater than 95.2% 
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(=
20
20+1
). Similarly when values of a response parameter are less than a performance 
limit for all ground motions, then the probability of exceedance of the performance level 
for the response parameter is less than 4.8% (=
1
20+1
). 
Table 8-7 reports the probability of exceeding ASCE 41-06 performance limits 
for the designs. The maximum (transient) story drift was found to be the most 
demanding response parameter with the largest probability of exceeding a performance 
limit compared to the other response parameters. The probability of exceeding a 
performance limit in structures with dampers is considerably less than that of the 100V 
structure. There is no significant difference between probabilities of exceeding 
performance limits in 100V+DBF and 75V+DBF designs.  
Table 8-8 shows the performance level achieved associated with each response 
parameter and Table 8-9 shows the overall performance level achieved for designs for 
the FOE, DBE and MCE hazard level. According to ASCE 41-06 a structure has 
satisfied a performance level when all response parameters satisfy that performance 
level. The performance level achieved associated with each response parameter was 
found according to ASCE 41-06 by comparing the arithmetic average (mean) of each 
response parameter to the corresponding performance limit. Regarding that the use of 
median is more common in the literature in evaluation of seismic response, the 
performance levels were also found by using the median of response parameters rather 
than the mean. It was found that the results are the same when the median of each 
response parameter is used in the performance evaluation, with only the performance 
level associated with residual story drift of 100V at the MCE hazard level changing 
243 
 
from CP to LS when using the median residual story drift instead of the mean, which 
does not change the overall performance achieved of the structure.  
As shown in  Table 8-8 the 100V design at the FOE hazard level satisfies the IO 
performance level for the beam and column plastic rotations, and residual story drift; 
however the transient story drift exceed this performance level according to ASCE 41-
06. Table 8-7 shows that the maximum story drift of 100V structure has a high 
probability of exceeding the IO performance level at FOE. As shown in Table 8-7 and 
Figure 8-14 through Figure 8-17 no response parameter at any simulation at the FOE 
hazard level exceeds the LS performance limit for the 100V design. As shown in Table 
8-8 at the DBE hazard level, the maximum story drift, residual story drift and beam 
plastic rotation exceed the IO performance limit with high probabilities. The maximum 
story drift also exceeds LS performance level with a high probability. No response 
parameter (𝜃, 𝜃𝑟, 𝜃𝑝,𝑏_𝑀𝑅𝐹, 𝜃𝑝,𝑐_𝑀𝑅𝐹 , 𝜃𝑝,𝑐_𝐷𝐵𝐹, 𝛥𝑝,𝑏𝑟_𝐷𝐵𝐹) for any ground motion 
exceeds the CP performance level. At the MCE hazard level the structure satisfies the 
CP performance level according to ASCE 41-06, however the probability of exceeding 
this performance level is large according to Table 8-7.   
The 100V+DBF structure satisfies the IO performance level for the FOE hazard 
level, with all response parameters exceeding performance limits with probabilities less 
than 4.8%. At the DBE hazard level all response parameters satisfy IO, except the 
maximum story drift.  No response parameter at any ground motion at the DBE hazard 
level exceeds the LS performance limit for this structure, i.e., 100V+DBF satisfies the 
LS at the DBE with a high margin. The LS performance level is achieved by this 
structure at the MCE hazard level according to ASCE 41-06,  
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The 75V+DBF structure satisfies the IO performance level for the FOE hazard 
level. At the DBE hazard level, except for the maximum story drift, the response 
parameters satisfy IO.  No response parameter at any ground motion at DBE hazard 
level exceeds the LS performance limit for this structure, i.e., 75V+DBF also satisfies 
LS at the DBE with a high margin. At the MCE the LS performance level is achieved 
according to ASCE 41-06 but there is a large probability of not achieving that 
performance level since the maximum story drifts at the 2nd and 3rd stories exceed the 
LS performance level by probabilities of 30 and 48%, respectively.  
In general, the elastomeric dampers were very effective in improving seismic 
performance of the structures and improved the seismic performance by one level at 
each hazard level. It was found that the 75V+DBF design satisfies the same performance 
level as the 100V+DBF, design, however with higher probability of exceeding each 
performance level. 
8.6 Summary 
Finite element models were developed for structures designed in Chapter 6 and 
numerical simulations were performed using OpenSees. The damper model developed 
in Chapter 7 was used to model the elastomeric dampers. A set of 20 ground motions 
was chosen that creates a median response spectrum close to the design spectrum in the 
0.2 to 2.0 sec period range. It was found that the SDP provides good approximations for 
the median response parameters at the DBE and MCE hazard levels. The performance 
of the designed structures was assessed according to recommendations of ASCE 41-06 
Standard. It was shown that the dampers were effective at elevating the performance of 
conventional systems and designing MRFs with 75% of the design base shear rather 
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than 100% of the design base shear will not noticeably change the performance of a 
structure.  
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Table 8-1. Ground motion set 
Record 
Number 
Earthquake Station Component 
FOE 
scale 
factor 
DBE 
scale 
factor 
MCE 
scale 
factor 
1 
Northridge 
1994 
LA-Saturn STN110 0.548 1.36 2.04 
2 Kobe 1995 Shin-Osaka SHI090 0.725 1.80 2.70 
3 Kobe 1995 Shin-Osaka SHI000 0.681 1.69 2.534 
4 Kobe 1995 YAE YAE000 0.696 1.73 2.59 
5 Kocaeli 1999 Duzce DZC270 0.388 0.96 1.44 
6 Kocaeli 1999 Duzce DZC180 0.542 1.346 2.02 
7 Chi-Chi 1999 CHY036 CHY036-N 0.659 1.636 2.454 
8 Chi-Chi 1999 TCU042 TCU042-E 0.800 1.985 2.977 
9 Chi-Chi 1999 TCU051 TCU051-N 0.787 1.95 2.93 
10 Duzce 1999 Bolu BOL090 0.318 0.79 1.185 
11 Duzce 1999 Bolu BOL000 0.335 0.831 1.246 
12 
Imperial 
Valley 1979 
Brawley 
Airport 
H-BRA315 
0.849 
(0.846) 
2.10 
(1.926) 
3.15   
(2.89) 
13 
Imperial 
Valley 1979 
Delta H-DLT352 
0.558 
(0.583) 
1.383 
(1.228) 
2.075 
(1.997) 
14 
Westmoreland 
1981 
Parachute 
Facility 
PTS225 0.708 1.76 2.637 
15 
Superstition 
Hills 1987 
Westmoreland 
Fire Station 
B-WSM180 0.608 1.51 2.26 
16 
Loma Prieta 
1989 
Gilroy Array G03090 0.549 1.36 2.04 
17 
Loma Prieta 
1989 
Sunnyvale 
Colton Ave 
SVL360 0.791 1.96 2.94 
18 
Cape 
Mendocino 
1992 
Rio Dell 
Overpass FF 
RIO270 0.541 1.343 2.01 
19 Landers 1992 
Yermo Fire 
Station 
YER270 0.593 
1.47 
(1.364) 
2.205 
(2.219) 
20 
Northridge 
1994 
Canyon 
Country 
LOS000 0.468 1.16 1.74 
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Table 8-2. Parameters of building site in Pomona, CA. 
Parameter Value 
Latitude 34.056o 
Longitude -117.748o 
NEHRP Soil 
Classification 
D 
Vs30 360 (m/s) 
Z2.5 1.0 (m) 
 
248 
 
Table 8-3. Damage control and building performance levels (ASCE 41-06, 2006) 
 
 
Target Buidling Performance Levels 
Collapse 
Prevention 
Life Safety 
Immediate 
Occupancy 
Operational 
Overall 
Damage 
Severe Moderate Light Very Light 
General Little residual 
stiffness and 
strength, but 
load-bearing 
columns and 
walls function. 
Large 
permanent 
drifts. Some 
exits blocked. 
Infills and 
unbraced 
parapets failed 
or at incipent 
failure. 
Building is 
near collapse. 
Some residual 
strength and 
stiffness left in 
all stories. 
Gravity-load-
bearing 
elements 
function. No 
out-of-plane 
failure of walls 
or tipping of 
parapets. Some 
permanent drift. 
Damage to 
partitions. 
Building may 
be beyond 
economical 
repair. 
No permanent 
drift. Structure 
substantially 
retains original 
strength and 
stiffness. 
Minor cracking 
of facades, 
partitions, and 
ceillings as 
well as 
structural 
elements. 
Elevators can 
be restored. 
Fire protection 
operable. 
No premanent 
drift. Structure 
substantially 
retains original 
strength and 
stiffness. 
Minor cracking 
of facades, 
partitions, and 
ceilings as well 
as structrual 
elements. All 
systems 
important to 
normal 
operation are 
functional. 
Nonstructural 
components 
Extensive 
damage. 
Falling hazards 
mitigated but 
many 
architectural, 
mechanical, and 
electrical 
systems are 
damaged. 
Equipments 
and contents 
are genrally 
secure, but 
may not 
operate due to 
mechanical 
failure or lack 
of utilities. 
Negligible 
damage occurs. 
Power and 
other utilities 
are available, 
possibly from 
standby 
sources. 
Comparison 
with 
performance 
intended for 
buidlings 
designed under 
the NEHRP 
Provisons, for 
the Design 
Earthquake 
Significantly 
more damage 
and greater 
risk. 
Somewhat more 
damage and 
slightly higher 
risk. 
Less damage 
and lower risk. 
Much less 
damage and 
lower risk. 
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Table 8-4. Structural performance levels and damage for members of steel moment 
frames (ASCE 41-06, 2006) 
Type 
Structural Performance Levels 
Collapse 
Prevention 
Life Safety 
Immediate 
Occupancy 
Primary Extensive distortion 
of beams and 
column panels. 
Many fractures at 
moment 
connections, but 
shear connections 
remain intact. 
Hinges form. Local 
buckling of some beam 
elements. Severe joint 
distortion; isolated 
moment connection 
fractures, but shear 
connections remain 
intact. A few elements 
may experience partial 
fracture. 
Minor local yielding 
at a few locations in 
the structure. No 
fractures. Minor 
buckling or 
observable 
permanent 
distortion in 
members. 
Secondary Same as primary Extensive distortion of 
beams and column 
panels. Many fractures at 
moment connections, but 
shear connections remain 
intact 
Same as primary 
Drift 5% transient or 
permanent  
2.5% transient; 1% 
permanent 
0.7% transient; 
negligible 
permanent 
 
Table 8-5. Structural performance levels and damage for members of braced steel 
frames (ASCE 41-06, 2006) 
Type 
Structural Performance Levels 
Collapse Prevention Life Safety 
Immediate 
Occupancy 
Primary Extensive yielding and 
buckling of braces. Many 
braces and their 
connections may fail. 
Many braces yield or 
buckle but do not totally 
fail. Many connections 
may fail. 
Minor yielding 
or buckling of 
braces. 
Secondary Same as primary Same as primary. Same as 
primary. 
Drift 2% transient or 
permanent  
1.5% transient; 0.5% 
permanent 
0.5% transient; 
negligible 
permanent 
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Table 8-6. Modeling parameters and acceptance criteria for nonlinear procedures, 
structural steel components (ASCE 41-06, 2006) 
Section 
slenderness ratios 
and compactness 
limits 
Acceptance Criteria 
Plastic Rotation Angle, Radians 
 
IO 
Primary Secondary 
LS CP LS CP 
Beams flexure 
a. 
𝑏𝑓
2𝑡𝑓
≤
52
√𝐹𝑦𝑒
 
and 
ℎ
𝑡𝑤
≤
418
√𝐹𝑦𝑒
 
1𝜃𝑦 6𝜃𝑦 8𝜃𝑦 9𝜃𝑦 11𝜃𝑦 
b. 
𝑏𝑓
2𝑡𝑓
≥
65
√𝐹𝑦𝑒
 
and 
ℎ
𝑡𝑤
≥
640
√𝐹𝑦𝑒
 
0.25𝜃𝑦 2𝜃𝑦 3𝜃𝑦 3𝜃𝑦 4𝜃𝑦 
c. Other 
Linear interpolation between the values 
on lines a and b for both flange 
slenderness (first term) and web 
slenderness (second term) shall be 
performed, and the lowest resulting value 
shall be used. 
Columns-flexure 
For 𝑃 𝑃𝐶𝐿 < 0.2⁄  
a. 
𝑏𝑓
2𝑡𝑓
≤
52
√𝐹𝑦𝑒
 
and 
ℎ
𝑡𝑤
≤
300
√𝐹𝑦𝑒
 
1𝜃𝑦 6𝜃𝑦 8𝜃𝑦 9𝜃𝑦 11𝜃𝑦 
b. 
𝑏𝑓
2𝑡𝑓
≥
65
√𝐹𝑦𝑒
 
and 
ℎ
𝑡𝑤
≥
460
√𝐹𝑦𝑒
 
0.25𝜃𝑦 2𝜃𝑦 3𝜃𝑦 3𝜃𝑦 4𝜃𝑦 
c. Other 
Linear interpolation between the values 
on lines a and b for both flange 
slenderness (first term) and web 
slenderness (second term) shall be 
performed, and the lowest resulting value 
shall be used. 
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Columns-flexure 
For 
0.2 < 𝑃 𝑃𝐶𝐿 < 0.5⁄  
a. 
𝑏𝑓
2𝑡𝑓
≤
52
√𝐹𝑦𝑒
 
and 
ℎ
𝑡𝑤
≤
260
√𝐹𝑦𝑒
 
0.25𝜃𝑦 _
1 _2 _3 _4 
b. 
𝑏𝑓
2𝑡𝑓
≥
65
√𝐹𝑦𝑒
 
and 
ℎ
𝑡𝑤
≥
400
√𝐹𝑦𝑒
 
0.25𝜃𝑦 0.5𝜃𝑦 0.8𝜃𝑦 1.2𝜃𝑦 1.2𝜃𝑦 
c. Other 
Linear interpolation between the values 
on lines a and b for both flange 
slenderness (first term) and web 
slenderness (second term) shall be 
performed, and the lowest resulting value 
shall be used. 
Column Panel 
Zones 
1𝜃𝑦 8𝜃𝑦 11𝜃𝑦 12𝜃𝑦 12𝜃𝑦 
HSS Braces in 
Compression 
a. Slender 
𝐾𝑙
𝑟
≥ 4.2√𝐸 𝐹𝑦⁄  
Plastic Deformation 
0.25𝛥𝑐 5𝛥𝑐 7𝛥𝑐 7𝛥𝑐 9𝛥𝑐 
b. Stockey 
𝐾𝑙
𝑟
≤ 2.1√𝐸 𝐹𝑦⁄  
0.25𝛥𝑐 4𝛥𝑐 6𝛥𝑐 6𝛥𝑐 7𝛥𝑐 
c. Intermediate 
Linear interpolation between the values 
for slender and stockey braces shall be 
used 
1Plastic rotation=8(1 − (
5
3
)(𝑃 𝑃𝐶𝐿))𝜃𝑦⁄  
2Plastic rotation=11(1 − (
5
3
)(𝑃 𝑃𝐶𝐿))𝜃𝑦⁄  
3Plastic rotation=14(1 − (
5
3
) (𝑃 𝑃𝐶𝐿))𝜃𝑦⁄  
4Plastic rotation=17(1 − (
5
3
) (𝑃 𝑃𝐶𝐿))𝜃𝑦⁄  
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Table 8-7. Probabilities of exceeding ASCE 41-06 performance limits for designed 
structures 
Resp. 
Parameter 
Story 
/ 
Floor 
Probability of Exceedance 
FOE DBE MCE 
IO LS CP IO LS CP IO LS CP 
100V 
𝜽 
1 88.0 <4.8 <4.8 >95 15.5 <4.8 >95 58.7 <4.8 
2 >95 <4.8 <4.8 >95 46.4 <4.8 >95 87.3 12.1 
3 >95 <4.8 <4.8 >95 88.9 <4.8 >95 95 47.9 
𝜽𝒓 
1 <4.8 <4.8 <4.8 56.3 18.6 <4.8 90.6 40.7 <4.8 
2 7.47 <4.8 <4.8 59.9 24.6 <4.8 92.3 44.0 <4.8 
3 8.6 <4.8 <4.8 60.8 26.6 <4.8 91.6 45.4 <4.8 
𝜽𝒑,𝒃,𝑴𝑹𝑭 
1 <4.8 <4.8 <4.8 68.5 <4.8 <4.8 86.4 <4.8 <4.8 
2 <4.8 <4.8 <4.8 73.9 <4.8 <4.8 93.8 <4.8 <4.8 
3 <4.8 <4.8 <4.8 87.2 <4.8 <4.8 94.8 <4.8 <4.8 
𝜽𝒑,𝒄,𝑴𝑹𝑭 
1 <4.8 <4.8 <4.8 22.5 <4.8 <4.8 55.4 7.5 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
100V+DBF 
𝜽 
1 <4.8 <4.8 <4.8 84.5 <4.8 <4.8 >95 <4.8 <4.8 
2 <4.8 <4.8 <4.8 94.0 <4.8 <4.8 >95 24.8 <4.8 
3 <4.8 <4.8 <4.8 93.2 <4.8 <4.8 >95 25.0 <4.8 
𝜽𝒓 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 25.7 <4.8 <4.8 
2 <4.8 <4.8 <4.8 8.0 <4.8 <4.8 28.4 <4.8 <4.8 
3 <4.8 <4.8 <4.8 8.1 <4.8 <4.8 37.1 <4.8 <4.8 
𝜽𝒑,𝒃_𝑴𝑹𝑭 
1 <4.8 <4.8 <4.8 12.6 <4.8 <4.8 51.0 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 25.9 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 22.0 <4.8 <4.8 
𝜽𝒑,𝒄_𝑴𝑹𝑭 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 12.1 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
𝜽𝒑,𝒄_𝑫𝑩𝑭 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 14.5 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
𝛥𝒑,𝒃𝒓_𝑫𝑩𝑭 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 15.2 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 15.3 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
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Table 8-7. Probabilities of exceeding ASCE 41-06 performance limits for designed 
structures (continued) 
75V+DBF 
𝜽 
1 <4.8 <4.8 <4.8 >95 <4.8 <4.8 >95 8.11 <4.8 
2 17.0 <4.8 <4.8 >95 <4.8 <4.8 >95 30.4 <4.8 
3 18.0 <4.8 <4.8 >95 15.0 <4.8 >95 48.4 <4.8 
𝜽𝒓 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 32.9 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 44.3 <4.8 <4.8 
3 <4.8 <4.8 <4.8 15.2 <4.8 <4.8 44.3 <4.8 <4.8 
𝜽𝒑,𝒃_𝑴𝑹𝑭 
1 <4.8 <4.8 <4.8 21.4 <4.8 <4.8 70.9 <4.8 <4.8 
2 <4.8 <4.8 <4.8 15.1 <4.8 <4.8 43.4 <4.8 <4.8 
3 <4.8 <4.8 <4.8 11.8 <4.8 <4.8 33.1 <4.8 <4.8 
𝜽𝒑,𝒄_𝑴𝑹𝑭 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 28.4 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
𝜽𝒑,𝒄_𝑫𝑩𝑭 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 29.4 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 
𝛥𝒑,𝒃𝒓_𝑫𝑩𝑭 
1 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 15.8 <4.8 <4.8 
2 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 18.6 <4.8 <4.8 
3 <4.8 <4.8 <4.8 <4.8 <4.8 <4.8 16.6 <4.8 <4.8 
 
Table 8-8. Performance level achieved for the various response parameters (based on 
mean response) 
Resp. 
Parameter 
Performance Level Achieved 
100V 100V+DBF 75V+DBF 
FOE DBE MCE FOE DBE MCE FOE DBE MCE 
𝜽 LS CP CP IO LS LS IO LS LS 
𝜽𝒓 IO LS CP IO IO IO IO IO IO 
𝜽𝒑𝒃,𝑴𝑹𝑭 IO LS LS IO IO LS IO IO LS 
𝜽𝒑𝒄,𝑴𝑹𝑭 IO IO LS IO IO IO IO IO IO 
𝜽𝒑𝒄,𝑫𝑩𝑭 NA NA NA IO IO IO IO IO IO 
𝛥𝒑𝒃𝒓_𝑫𝑩𝑭 NA NA NA IO IO IO IO IO IO 
 
Table 8-9. Overall performance level achieved of designed structures 
Design 
Performance Level Achieved 
FOE DBE MCE 
100V LS CP CP 
100V+ DBF IO LS LS 
75V+ DBF IO LS LS 
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Figure 8-1. Schematic of OpenSees model 
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(a) At FOE 
 
(b) At DBE 
 
(c) At MCE 
Figure 8-2. Response spectra of scaled ground motions, median response spectrum and 
target response spectrum 
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Figure 8-3. Comparison of design spectrum and DBE uniform hazard spectrum at 
Pomona, CA site 
    
                            (a) 100V                                                  (b) 100V+DBF 
 
(c) 75V+DBF 
Figure 8-4. Maximum story drift 
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                            (a) 100V                                               (b) 100V+DBF 
 
(c) 75V+DBF 
Figure 8-5. Residual story drift 
    
    (a) 100V                                                  (b) 100V+DBF 
 
 (c) 75V+DBF 
Figure 8-6. Maximum MRF beam plastic rotation 
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                             (a) 100V                                              (b) 100V+DBF 
 
(c) 75V+DBF 
Figure 8-7. Maximum MRF column base plastic rotation 
    
                     (a) 100V+DBF                                               (b) 75V+DBF 
Figure 8-8. Maximum south damper group deformation 
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                      (a) 100V+DBF                                               (b) 75V+DBF 
Figure 8-9. Maximum north damper group deformation 
    
                      (a) 100V+DBF                                             (b) 75V+DBF 
Figure 8-10. Maximum south damper group force 
   
                       (a) 100V+DBF                                              (b) 75V+DBF 
Figure 8-11. Maximum north damper group force  
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                      (a) 100V+DBF                                         (b) 75V+DBF 
Figure 8-12. Maximum DBF brace axial deformation 
 
Figure 8-13. Component acceptance criteria (ASCE 41-06, 2006) 
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                      (a) FOE                              (b) DBE                              (c) MCE 
Figure 8-14. Cumulative probability of maximum story drift ratio, 𝜃 
   
                       (a) FOE                              (b) DBE                              (c) MCE 
Figure 8-15. Cumulative probability of maximum residual story drift ratio, 𝜃𝑟 
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                    (a) FOE                                (b) DBE                                 (c) MCE 
Figure 8-16. Cumulative probability of MRF beam plastic rotation, 𝜃𝑝,𝑏_𝑀𝑅𝐹 
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                    (a) FOE                                (b) DBE                                 (c) MCE 
Figure 8-17. Cumulative probability of MRF column plastic rotation, 𝜃𝑝,𝑐_𝑀𝑅𝐹 
 
 
 
 
 
 
 
 
 
 
 
264 
 
    
                   (a) FOE                                (b) DBE                                 (c) MCE 
Figure 8-18. Cumulative probability of DBF column plastic rotation, 𝜃𝑝,𝑐_𝐷𝐵𝐹 
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                   (a) FOE                                (b) DBE                                 (c) MCE 
Figure 8-19. Cumulative probability of DBF brace plastic axial rotation, 𝛥𝑝,𝑏𝑟 
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Chapter 9. RTHSs of the Steel Structure Designs with Elastomeric Dampers 
9.1 General 
 As explained in Chapter 2 the 1st generation pre-compressed elastomeric 
damper provides good energy dissipation and reduces response demands of a structure, 
however the elastomer slips and becomes damaged during an earthquake. The 3rd 
generation pre-compressed elastomeric damper was designed to increase the pre-slip 
deformation amplitude capacity so the dampers located in a high performance structure 
will not get damaged subjected to the design earthquake. Characterization tests 
described in Chapter 4 showed no significant damage to the dampers for deformation 
amplitudes less than 3.0 in, which allows structures with elastomeric dampers to be 
designed with no significant damage to the dampers subjected to the DBE and MCE 
hazard level earthquakes.  
As discussed in Chapter 6 Lee, et al. (2009) designed and analyzed several steel 
MRFs with elastomeric dampers and concluded that the design criteria that allows some 
inelastic behavior (an R value of about 2 used in Step 4 of elastic-static analysis of SDP 
shown in Figure 5-11), but limits the story drifts to 1.5% under the DBE lead to the most 
effective damper design. Following the recommendations of Lee, et al. (2009) a 
100V+DBF structure was designed by adding elastomeric dampers to a 100V MRF 
structure to satisfy a target drift of 1.5% under the DBE. The SDP analysis of 
100V+DBF predicted the maximum story drift of this design to be 1.4% and 2.2% at 
the DBE and MCE hazard levels and showed that the dampers will have deformations 
less than 1.2 in and 2.0 in at the DBE and MCE hazard level and will not get damaged. 
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Minimal yielding is expected in this structure with satisfied response modification 
factors of 1.57 and 2.49 at DBE and MCE hazard levels.        
Karavasilis, et al. (2010) showed that when elastomeric dampers are used, it is 
possible to design MRFs with a base shear less than specified by design codes and 
achieve better or similar performance than the 100V design of the MRF. Therefore a 
75V+DBF structure was designed by increasing the seismic mass of the 100V+DBF 
design by 33%. The SDP predicted the maximum story drift of the 75V+DBF structure 
to be 1.7% and 2.7% for the DBE and MCE hazard levels and showed that the dampers 
will have deformations less than 1.45 in and 2.40 at the DBE and MCE hazard levels 
and will not get damaged.  
Finite element models were developed for 100V, 100V+DBF and 75V+DBF 
designs and numerical simulations were developed using OpenSees as presented in 
Chapter 8. It was shown that the SDP provides good estimates of the median maximum 
story drift, maximum damper deformation, and maximum damper force. Performance 
assessment based on numerical simulations showed that the dampers effectively 
improve the performance of MRF structures.  
In this chapter the 100V+DBF and 75V+DBF structures described in Chapter 6 
are assessed using real time hybrid simulation (RTHS) results to verify fulfillment of 
design objectives, the damper behavior and damper model, design methodology and 
SDP predictions, and OpenSees numerical simulations and performance assessments 
performed based on the simulations.  
Real-time hybrid testing is an economic technique for investigating the dynamic 
response of structural systems. This method divides a structural system into 
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experimental and analytical substructures. The analytical substructure typically includes 
parts of the structure with well understood behavior that can be modeled numerically 
with desired accuracy. The experimental substructure includes the rest of the structure 
that is modeled physically in the lab with usually less knowledge and assurance about 
its behavior. At each time step during a RTHS the displacement response of the system 
is found using an integration scheme and is applied as a target displacement to the 
numerical and experimental substructure, and the corresponding restoring forces are 
obtained and recorded. The recorded restoring forces are used by the integrator to find 
the displacement response of the system in the next time step.  
9.2 Analytical and Experimental Substructures  
Figure 9-1 shows a schematic of the analytical and experimental substructures 
used in the RTHS. The experimental substructure includes the DBF with 2, 2, and 1 
elastomeric damper(s) installed in the south side and 2, 1, and 1 elastomeric dampers 
installed in the north side of the 1st, 2nd and 3rd stories respectively. The analytical 
substructure includes the MRF, lean-on column representing the gravity load system, 
floor mass, gravity loads and a Rayleigh damping model for the inherent damping of 
the building. The analytical substructure has 247 degrees of freedom. Displacement-
based nonlinear beam-column fiber elements were used to model the beam and columns. 
More elements were used in areas where yielding was expected such as in the RBSs (5 
elements) and the 1st story column base (2 elements) to capture the moment gradient 
and achieve more accuracy. Each RBS was modeled using 3 sections along its length. 
At each floor level the floor masses were assigned to the lean-on column nodes and 
were constrained to floor beam mid-span top flange nodes to simulate a rigid floor 
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diaphragm. A nonlinear panel zone element was used to model shear deformations and 
symmetric bending deformations in the panel zones (Seo, et al., 2009). The P-delta 
geometric stiffness was used to model finite displacement (i.e., 2nd order) effects. Shear 
flexibility of the beams and columns was not included in the model. A mass and initial 
stiffness proportional Rayleigh damping matrix to model inherent damping of the 
building was constructed which assigns 2% Rayleigh damping on 1st and 2nd mode 
shapes predicted by SDP as: 
𝐶 = 𝑎0𝑀 + 𝑎1𝐾 (9-1)  
where,  
𝐶 = the damping matrix that remains constant during an experiment; 
𝑀 = the mass matrix;   
𝐾 = the stiffness matrix that includes the linear elastic stiffness of the analytical 
substructure and a condensed 3x3 elastic secant stiffness of the DBF, predicted 
by the SDP, at each hazard level; and  
𝑎0 and 𝑎1 = the mass and stiffness proportional damping matrix coefficients, 
calculated as (Chopra, 1998): 
 
𝑎0 = 𝜁
2𝜔1𝜔2
𝜔1 + 𝜔2
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑎1 = 𝜁
2
𝜔1 + 𝜔2
⁡ (9-2)  
where,  
𝜁 = the modal damping ratio equal to 2%; and  
𝜔1 and 𝜔2 = the 1
st and 2nd mode natural frequencies predicted by the SDP at 
each seismic hazard level. 
270 
 
Comparing the model of the analytical substructure with the OpenSees model 
used in Chapter 8, four differences between the models could be observed: 
1- Displacement-based nonlinear beam-column element is used in creating the 
model of the analytical substructure, while force-based nonlinear beam-column element 
was used in the OpenSees model in Chapter 8. 
2- The shear flexibility of the structural members is not included in the model 
for the analytical substructure, while it was included in the OpenSees model in Chapter 
8. 
3- The P-delta geometric stiffness is used to model finite displacement effects 
for the analytical substructure, while in the OpenSees model in Chapter 8 the co-
rotational geometric stiffness was used to model 2nd order effects.  
4- The Rayleigh damping of the analytical substructure is proportional to the 
mass and initial stiffness matrices, while the Rayleigh damping of the OpenSees model 
used in Chapter 8 was proportional to the mass and tangent stiffness matrices. 
 Note that it was ideal to create the model for the analytical substructure that is 
consistent to the model used in Chapter 8; however the software used for the RTHS 
experiments did not permit using force-based nonlinear beam-column elements, 
including shear flexibilities, co-rotational geometric stiffness, or use a mass and tangent 
stiffness proportional Rayleigh damping matrix. To be consistent in comparison of the 
results of the analytical and experimental studies, another OpenSees model was 
developed by modifying the OpenSees model described in Chapter 8 to use 
displacement-based beam elements to model the MRF beams and columns, to neglect 
the shear flexibility of the MRF elements, and to use P-delta geometric stiffness, and to 
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use a mass and initial stiffness proportional Rayleigh damping. This model also includes 
ground link flexibility and initial strength and stiffness degradation of each damper for 
each analysis and is used to make comparisons of the RTHS results and the OpenSees 
analytical results presented in this chapter. Note that the DBF and lean-on column of 
this model are same as the model developed in Chapter 8. The SDP predictions were 
updated using this OpenSees model to include the effect of ground link flexibility and 
to exclude shear flexibility of MRF members in SDP predictions. 
Figure 9-2 shows an elevation view of the experimental substructure where the 
DBF is located at the north end and an existing physical MRF in the laboratory from a 
previous study is located at the South end. The physical MRF and the DBF are not 
connected together in the present study at the 1st, 2nd and 3rd floors; however, the DBF 
is connected to the south ground link through the ground floor MRF beam. Figure 9-3 
shows the elevation and cross section view of the dampers located in the 2nd story. The 
damper outer tube and damper inner tube are connected to the lower gusset plates and a 
damper-beam connector. Figure 9-4 shows the damper-to-damper-beam connector 
connection details which allows rotation and prevents large bending moments and 
damage in the inner tubes. The dampers are connected to the lower gusset plates with 
welded connection plates. The connection details protect the elastomeric material from 
heat generated during the welding. Figure 9-5, Figure 9-6 and Figure 9-7 show dampers 
installed in the 1st, 2nd and 3rd stories, respectively. 
One hydraulic actuator is connected to each floor, as shown in Figure 9-8, to 
impose the floor displacement at each time step. The actuators installed at the 2nd and 
3rd floors have a 382 kips force capacity at a 3000 psi pressure while the actuator 
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installed at the 1st floor has a 517 kips capacity at the same pressure.  The 1st and 2nd 
floor actuators have 2 servo valves and the actuator at the 3rd floor has 3 servo valves. 
The maximum actuator velocity capacity is 22, 30 and 45 (in/s); for the 1st, 2nd and 3rd 
floor actuators. The actuators are attached to the DBF beam top flange near mid-span at 
each floor through loading tubes. The loading tubes could be seen in Figures 9-3, 9-6 
and 9-7.  
9.3 Instrumentation 
Figure 9-9 shows the instrumentation plan for the experimental substructure (the 
DBF with dampers). One full bridge (identified as FB in Figure 9-9) is used in each 
brace and column to measure the member axial force and two full bridges are used to 
measure bending moments. Two LVDTs are installed at each beam Tee connection to 
measure the connection relative axial displacement and rotation. Floor displacements 
are measured at the beam mid-span top flange. 
Figure 9-10 shows the LVDTs used to measure damper deformations. For each 
group of dampers one LVDT was used except for the 2nd story south-side damper group, 
where four LVDTs were used to observe any rotations (bending or torsion) of the 
damper group. One full bridge is installed on each tube to measure damper force. Figure 
9-11 shows the ground link instrumentation which measures the deformations and 
forces at the south and north ground links and at the connection between MRF and DBF. 
9.4 CR Integration Algorithm 
9.4.1 Introduction to CR Integration 
An integration method is used in a RTHS to compute the displacement of the 
structure at each time step. Regarding that explicit integration schemes do not require 
273 
 
iterations and allow the computation to be completed in a predictable amount of time, 
they are preferred over implicit integration schemes for RTHS (Chen, et al., 2009). Chen 
et al. (2008) developed an unconditionally stable explicit integration algorithm called 
the CR integration algorithm and showed that for a linear elastic system that the 
algorithm has the same accuracy (in terms of period elongation and numerical damping) 
as the constant average acceleration Newmark method. The CR integration algorithm is 
used in RTHS presented in this chapter and is briefly reviewed in this section. 
For a linear elastic SDOF structure, the discretized equation of motion is written 
as: 
 𝑚?̈?𝑖+1 + 𝑐?̇?𝑖+1 + 𝑘𝑥𝑖+1 = 𝐹𝑖+1 (9-3) 
where ?̈?𝑖+1, ?̇?𝑖+1, 𝑥𝑖+1 and 𝐹𝑖+1 are the acceleration, velocity, displacement, and 
excitation force at time step i+1, and 𝑚, 𝑐 and 𝑘 are mass, damping and stiffness, 
respectively. The displacement and velocity at each time step are found using Eqs. (9-4) 
and (9-5), where 𝛼1 and 𝛼2 are integration parameters which are calculated using Eq. 
(9-6) and 𝛥𝑡 is the integration time step.  
 ?̇?𝑖+1 = ?̇?𝑖 + 𝛼1 ⋅ 𝛥𝑡 ⋅ ?̈?𝑖 (9-4) 
 𝑋𝑖+1 = 𝑋𝑖 + 𝛥𝑡 ⋅ ?̇?𝑖 + 𝛼2 ⋅ 𝛥𝑡
2 ⋅ ?̈?𝑖 (9-5) 
 
𝛼1 = 𝛼2 =
4𝑚
4𝑚 + 2𝛥𝑡 ⋅ 𝑐 + 𝛥𝑡2 ⋅ 𝑘
 (9-6) 
For a RTHS, the restoring force of the structure in Eq. (9-3) has components 
from the experimental and analytical substructures. In this case, the equation of motion 
can be written as: 
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 𝑚?̈?𝑖+1 + 𝑐?̇?𝑖+1 + 𝑟
𝑎
𝑖+1 + 𝑟
𝑒
𝑖+1 = 𝐹𝑖+1 (9-7) 
where 𝑟𝑎𝑖+1 and 𝑟
𝑒
𝑖+1 are the restoring forces of the experimental and analytical 
substructures at time step i+1, respectively. Similarly, Eq. (9-6) could be re-written to 
include the components of the analytical and experimental substructures:  
 
𝛼1 = 𝛼2 =
4𝑚
4𝑚 + 2𝛥𝑡. 𝑐 + 𝛥𝑡2. (𝑘𝑒 + 𝑘𝑎)
 (9-8) 
where 𝑘𝑎 and 𝑘𝑒 ⁡are the stiffness of the analytical and experimental substructures. 
Chen and Ricles (Chen, et al., 2008) showed for a nonlinear structure that the 
CR integration algorithm is stable when Eq. (9-9) is satisfied. 
 
𝑘𝑡𝑎 + 𝑘𝑡𝑒 ≤ 𝑘𝑎 + 𝑘𝑒 +
4𝑚
𝛥𝑡2
 (9-9) 
where 𝑘𝑡𝑎 and 𝑘𝑡𝑒 are the tangent stiffness of the (potentially nonlinear) analytical and 
experimental substructures, and 𝑘𝑎 and 𝑘𝑒⁡are the (initial) stiffness of the analytical and 
experimental substructures used in Eq. (9-8). 
For a multi-degree of freedom system, the integration parameters are determined 
using a matrix form of Eq. (9-8) as follows: 
 𝛼1 = 𝛼2 = 4. [4.𝑀 + 2. 𝛥𝑡. 𝐶 + 𝛥𝑡
2. 𝐾]−1. 𝑀 (9-10) 
In this study the integration time step for the RTHS was set to be 4/1024 sec and 
a linear ramp function with four sub-steps within each integration time step is used to 
issue the actuator target displacement to the actuator at 1/1024 sec. 
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9.4.2 Procedure to Establish 𝑲𝒆 and 𝑪𝒆 Matrices 
As explained in Section 9.4.1, the initial stiffness and damping matrices of the 
experimental substructure, 𝐾𝑒 and 𝐶𝑒, are needed to determine the integration 
parameters.  In this study the 𝐾𝑒 matrix was determined using the following procedure: 
1. Assume the 1st mode frequency of the structure, 𝑓1. 
2. Determine the damper secant stiffness, 𝑘𝑑
′ , using the natural frequency 
assumed in step 1 and a damper deformation amplitude of 0.1 in. 
3. Model the dampers in the DBF as a linear spring with the stiffness from step 
2. 
4. Determine the 3x3 flexibility matrix for the DBF, invert the flexibility matrix 
and determine the stiffness matrix. Use this stiffness matrix as 𝐾𝑒. 
5. Determine the 1st mode frequency of the structure based on 𝐾𝑒 from Step 4. 
6. Iterate steps 2 through 5 until the frequency in step 5 remains unchanged. 
The 𝐶𝑒 matrix is determined after the 𝐾𝑒 matrix is found, using the following procedure 
1. Determine the loss factor, 𝜂, for one damper at the 1st modal frequency of 
the structure and a damper deformation amplitude of 0.1 in. 
2. Determine the damping coefficient for one damper using Eq (5-15) and 1st 
mode frequency obtained from Step 1: 
 
𝑐𝑑 =
𝜂⁡𝑘𝑑
′
2𝜋𝑓1
 (9-11) 
3. Establish the 𝐶𝑒 matrix as shown below 
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𝐶𝑒 = [
𝑐𝑑1 + 𝑐𝑑2 −𝑐𝑑2 0
−𝑐𝑑2 𝑐𝑑2 + 𝑐𝑑3 −𝑐𝑑3
0 −𝑐𝑑3 𝑐𝑑3
] (9-12) 
where 𝑐𝑑𝑖 = 𝑛𝑖 . 𝑐𝑑 and 𝑛𝑖 is number of dampers in i
th story, and i=1,2,3 and 𝑐𝑑 
is calculated using Eq. (9-11). 
The 1st modal period of the structure using the combined 𝐾𝑎 and 𝐾𝑒 matrices is 
0.475 sec, where 𝐾𝑎 is the stiffness matrix of the analytical substructure 
9.5 ATS Compensation 
9.5.1 Basics of ATS Compensation 
As a result of the dynamic characteristics of the hydraulic actuators and servo 
valves, the laboratory test set-up (experimental substructure and test fixtures) and the 
digital servo controller, the measured displacement of the experimental substructure in 
the laboratory will not equal the command displacement specified to the digital servo 
controller, resulting in actuator time delay and amplitude errors. To accurately impose 
displacements on the lab specimen (experimental substructure), the time delay and 
amplitude errors should be overcome, using a delay compensation procedure. Chae, et 
al. (2013) developed an adaptive 2nd order time series (ATS) compensator for this 
purpose. 
The actuator compensation procedure is shown conceptually in Figure 9-12 
where a compensated command displacement 𝑢𝑐 is sent to the actuator controller in an 
attempt to make the lab specimen measured displacement 𝑥𝑚 match the target 
displacement⁡𝑥𝑡 from the integration algorithm. The compensated signal at each time 
step is calculated by Eq. (9-13): 
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 𝑢𝑘
𝑐 = 𝑎0𝑘𝑥𝑘
𝑡 + 𝑎1𝑘?̇?𝑘
𝑡 + 𝑎2𝑘?̈?𝑘
𝑡  (9-13) 
where 𝑘 is the time index and the velocity and acceleration are estimated by a finite 
difference method using Eqs. (9-14) and (9-15): 
 
?̇?𝑘
𝑡 =
𝑥𝑘
𝑡 − 𝑥𝑘−1
𝑡
𝛥𝑡
 (9-14) 
 
?̈?𝑘
𝑡 =
𝑥𝑘
𝑡 − 2𝑥𝑘−1
𝑡 + 𝑥𝑘−2
𝑡
𝛥𝑡2
 (9-15) 
𝑎0, 𝑎1 and 𝑎2 in Eq. (9-13) are coefficients that are found using Eq. (9-16) (Chae, et al., 
2013): 
 𝐴 = (𝑋𝑚
𝑇𝑋𝑚)
−1
𝑋𝑚
𝑇𝑈𝑐 (9-16) 
where 𝐴 = [𝑎0𝑘𝑎1𝑘⁡𝑎2𝑘]
𝑇,⁡𝑋𝑚 = [𝑥
𝑚⁡?̇?𝑚⁡?̈?𝑚] , 𝑥𝑚 = [𝑥𝑘−1
𝑚 ⁡𝑥𝑘−2
𝑚 …⁡𝑥𝑘−𝑞
𝑚 ] and  𝑈𝑐 =
[𝑢𝑘−1
𝑐 ⁡𝑢𝑘−2
𝑐 …⁡𝑢𝑘−𝑞
𝑐 ] . 
The ATS compensator was used in the present study, providing good agreement 
between the target displacement and measured specimen displacement, as shown later. 
9.5.2 Procedure to Establish Initial Compensation Parameters and Floor and 
Ceiling Values 
A band limited white noise (BLWN) ground acceleration time history with a 
maximum amplitude of about 0.1 g, duration of 60 sec and bandwidth of 10 Hz, shown 
in Figure 9-13, was generated and applied to the 100V+DBF structure to investigate the 
behavior and efficiency of the ATS compensator and to establish appropriate initial 
values for the coefficients of the compensator. Figure 9-14 shows good agreement 
between the specimen measured and target displacement. The normalized root mean 
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square error (NRMSE) between the measured and target displacements is determined 
by Eq. (9-17) and is equal to 8.1, 4.8 and 3.9% for the 1st, 2nd and 3rd floors, respectively.  
 
NRMSE = √
∑(𝑥𝑡 − 𝑥𝑚)2
∑(𝑥𝑡)2
 (9-17) 
The peak amplitude error (PAE) between the measured and target displacements 
is determined by Eq. (9-18) and is equal to 1.79, 1.48 and 0.93% for the 1st, 2nd and 3rd 
floors, respectively. 
 
PAE =
|max(|𝑥𝑡|) − max⁡(|𝑥𝑚|)|
max(|𝑥𝑡|)
 (9-18) 
The higher NRMSE at the 1st floor is related to the lower displacement amplitude 
at this floor. Figure 9-15 compares the measured and target floor displacements using 
synchronization subspace plots. The slope of the plot indicates the ratio between 
amplitude of the measured and target signals and the enclosed area relates to the phase 
between the two displacements. Figure 9-16 shows the ATS compensation adaptation 
over the duration of the BLWN test, where the variation in the values of the coefficients 
is seen. The lower and upper limits for each plot are the floor and ceiling values. Larger 
floor values for coefficients 𝑎1 and 𝑎2 were used for the 1
st floor because the actuator 
at this floor is heavier and slower compared to the actuators at the other two floors. 
Considering that larger ceiling values can produce excessive amplification of high 
frequency noise and result in simulation instability, ceiling values were chosen with 
caution to avoid a potential instability. Experience from previous RTHS studies 
conducted at the RTMD earthquake simulation facility and preliminary studies for this 
project were used to determine the appropriate ceiling values. As shown in Figure 9-16, 
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the selected floor and ceiling values provided enough range for adaptive compensation. 
The average value of each compensation coefficient during the BLWN test was used as 
the initial compensation parameter value for the RTHS experiments. 
9.6 HybridFEM Software and RTMD Structure 
A nonlinear finite element MATLAB and SIMULINK (2013) based program 
called HybridFEM (Karavasilis, et al., 2012) was developed at Lehigh University for 
performing RTHS experiments. The CR integration algorithm and the ATS 
compensation are included in HybridFEM. The software is implemented onto the Real-
Time Integrated Control System at the NEES RTMD Facility (2013). The RTMD IT 
infrastructure, shown in Figure 9-17, contains a mixture of workstations, server and 
networking hardware to facilitate hydraulic control, data acquisition and real-time 
hybrid simulation. The backbone of the RTMD IT infrastructure is SCRAMNet which 
is a ring based network that facilitates real-time data sharing among workstations. The 
control systems, data acquisition system, simulation workstation and telepresence server 
are connected to SCRAMNet. There are two separate hydraulic PID control systems, 
each designed to control multiple hydraulic actuators under displacement and/or load 
control at 1024 Hz and run real-time simulations in conjunction with communications 
with an xPC real-time target system.  The simulation workstation and xPC target real-
time systems work together to run SIMULINK models in real-time which execute the 
algorithms that generate commands for actuators and process the feedback, which 
together facilitates real-time hybrid simulation. The xPC real-time target system also 
synchronizes data channels from the control system and data acquisition system with 
simulation data, and triggers camera snapshots aligned with simulation data.  The 
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telepresence system includes a system of digital high quality video cameras, network 
video cameras, flexTPS video server and a Data Turbine data server.  The Pacific 
Instruments data acquisition system is a variable speed 304-channel data acquisition 
system, capable of acquiring data at 4000 Hz (4000 samples per second) per channel 
and with expansion capabilities up to 384 channels.  
9.7 RTHS Test Matrix 
Figure 9-18 to Figure 9-20 show the maximum story drifts for the 100V+DBF 
and 75V+DBF structures subjected to the uni-directional ground motion records 
described in Section 8.3 (See Table 8-1) scaled to FOE, DBE and MCE hazard levels, 
obtained from two dimensional OpenSees numerical simulations described in Chapter 
8. The ground motion records that create responses closer to the median response were 
chosen for the RTHS, including record numbers 6, 8, 11, 12, 13, 15, 19, and 20 of Table 
8-1. Table 9-1 summarizes properties of these ground motions chosen for the RTHSs 
along with the corresponding scale factors at the FOE, DBE and MCE hazard levels. 
Table 9-2 shows the RTHS test matrix including experiments at the FOE, DBE and 
MCE hazard levels performed on 100V+DBF and 75V+DBF structures, and two 
additional extreme event 1.2MCE hazard level experiments performed on only the 
100V+DBF structure. These structures use the same DBF and number of dampers, so 
the experimental substructure does not change during each RTHS. It should be noted 
that considering the hydraulic power capacity of the actuators, the 1.2MCE was about 
the most intense RTHS that could be performed.   
The test number, structure, hazard level and ground motion used in each 
experiment is reported in Table 9-2. In the rest of this chapter experiments are referred 
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to by their test number and test name, where the test name includes structure, hazard 
level and ground motion separated by an underscore sign. For example, the test name 
of Test 1 is 100V+DBF_FOE_Rec6. 
9.8 Repeatability of Results 
To assure repeatability of the experiments, Test 1 was performed and repeated 
and the measured floor displacements were compared to each other (See Figure 9-21). 
The NRMSE between the measured floor displacements for these two experiments is 
7.09, 5.65 and 6.71% and the peak amplitude error (PAE) is 2.35, 3.08 and 3.63% for 
1st, 2nd and 3rd floor, respectively. 
9.9 Sensitivity of Experimental Results to 𝑲𝒆 and 𝑪𝒆 Matrices 
To investigate the sensitivity of the experimental results to the 𝐾𝑒 and 𝐶𝑒 
matrices used in the calculation of the integration parameters, the simulation described 
in the previous section was repeated again, however, 0.5𝐾𝑒 and 0.5𝐶𝑒 matrices were 
used, instead of 𝐾𝑒 and 𝐶𝑒 matrices to calculate the integration parameters. Figure 9-22 
compares measured floor displacements for these two simulations, with⁡𝐾𝑒, 𝐶𝑒 
(repetition 1 from above) and with 0.5𝐾𝑒 and 0.5𝐶𝑒. There is close agreement between 
the results, where the NRMSE between the measured floor displacements for these two 
tests is 7.32, 5.81 and 5.88% and the PAE is 1.73, 2.78 and 3.82% for the 1st, 2nd and 3rd 
floor, respectively. Figure 9-23 compares the floor displacements for the second 
repetition with 𝐾𝑒, 𝐶𝑒 (repetition 2 from above) with the results with 0.5𝐾𝑒 and 0.5𝐶𝑒. 
The NRMSE between the measured floor displacements for these two simulations is 
4.91, 2.47 and 3.03% and the PAE is 0.6, 0.3 and 0.2% for the 1st, 2nd and 3rd floor, 
respectively. These NRMSE and PAE values are similar to those from the repeatability 
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comparison and it is concluded that the simulation results are not highly sensitive to the 
𝐾𝑒 and 𝐶𝑒 matrices. 
9.10 RTHS Results 
This section presents the RTHS results and compares them with OpenSees 
numerical simulations and the SDP design objectives and predictions to verify 
fulfillment of design objectives, the damper behavior and damper model, design 
methodology and SDP predictions, and OpenSees numerical simulations and 
performance assessments performed based on the simulations.   
A summary of the NRMSE and PAE between the measured and targeted floor 
displacements for all experiments is presented first. This is followed by a comparison 
of selected RTHS results with OpenSees numerical simulations and SDP predictions 
for all of the experiments. A detailed discussion of the time histories and the hysteresis 
loops of selected responses is then provided for one RTHS experiment (Test 11: 
100V+DBF_DBE_Rec6), followed by a brief review of the time histories and 
hysteresis loops for all experiments. 
9.10.1 Summary of Results of All Simulations  
Figure 9-24 summarizes NRMSE and PAE between the measured and target 
floor displacements. The average NRMSE is 4.43, 2.17 and 2.08 and the average PAE 
is 1.71, 1.17 and 1.76 for the 1st, 2nd and 3rd floor displacements, respectively, indicating 
that using the ATS compensator resulted in good actuator control and close agreement 
between measured and target displacements.  
Figure 9-25 compares the maximum story drifts obtained from OpenSees 
numerical simulations with the RTHS and the SDP predictions. There is generally good 
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agreement between the numerical simulations and RTHS results, although the numerical 
simulation results overestimate the story drifts in most cases. The average difference 
between the OpenSees results and RTHS maximum story drift is 12.38, 10.39 and 
9.17% at the 1st, 2nd and 3rd stories, respectively. The good agreement observed between 
OpenSees numerical simulations and RTHS experiments for maximum story drift (and 
other responses as will be explained in this section) verifies the accuracy of OpenSees 
numerical simulations and performance assessments that were based on these 
simulations in Chapter 8, and consequently verifies that the design objectives were 
achieved. 
The median of maximum story drift observed in experiments are 0.4, 0.5, 1.1, 
1.3, 1.7 and 2.1% for 100V+DBF and 75V+DBF at FOE hazard level, 100V+DBF and 
75V+DBF at DBE hazard level, and 100V+DBF and 75V+DBF at MCE hazard level, 
respectively. Note that the maximum story drifts at DBE are below the design objective 
of 1.5% for both 100V+DBF and 75V+DBF structures, indicating that the drift design 
objective is satisfied for both structures. The difference between the maximum story 
drift at the 3rd story obtained from the SDP and the RTHS is 23.0, 20.0, 25.0 and 21.0% 
for 100V+DBF and 75V+DBF at DBE hazard level, and 100V+DBF and 75V+DBF at 
MCE hazard level, respectively. In addition to the errors due to the difference between 
assumptions in linear static SDP and actual nonlinear dynamic behavior of the structure, 
there is also some error due to the difference between the experimental DBF and the 
analytically modeled DBF. The difference between the maximum story drift at the 3rd 
story obtained from the SDP and OpenSees numerical simulation is 13.9, 11.0, 23.5 and 
17.2% for 100V+DBF and 75V+DBF at DBE hazard level, and 100V+DBF and 
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75V+DBF at MCE hazard level, respectively. Comparison of RTHS and OpenSees 
results shows that the experimental DBF is stiffer than the DBF model and this is one 
of the main sources of difference between SDP predictions and RTHS results. Detailed 
comparisons between RTHS and OpenSees results presented in Section 9.10.2 show 
that there is more frame action in the experimental DBF which leads to more lateral 
stiffness. Note that the difference between the maximum story drift at the 3rd story 
obtained from the SDP and OpenSees numerical simulation described in Chapter 8 was 
5.8, 6.2, 14.1 and 3.2%. The greater difference between the SDP and OpenSees 
numerical simulations in this chapter shows that smaller ground motion set, 
displacement-based fiber element and mass and initial stiffness proportional Rayleigh 
damping also seem to be other sources of difference between the SDP and OpenSees 
numerical simulations, and SDP and RTHS experiments.    
Figure 9-26 compares the maximum damper deformations obtained from the 
OpenSees numerical simulation, RTHS and the SDP. The numerical results 
overestimate the damper deformations in most cases. The average difference between 
the OpenSees results and the RTHS maximum damper deformation is 27.8, 23.8, 17.2, 
16.9, 16.3 and 16.9% for the 1st story south side and north side dampers, 2nd story south 
side and north side dampers, and the 3rd story south side and north side dampers, 
respectively. There is a larger difference between the maximum damper deformations 
obtained from OpenSees and RTHS, than between the maximum story drifts. The SDP 
overestimates the response compared with both the OpenSees numerical simulations 
and the experimental results. The maximum damper deformation experienced in 
experiments is around 2.0 in which leads to negligible damage on dampers during the 
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experiments. This indicates that dampers do not need to be replaced after an FOE, DBE 
or MCE earthquake.  
Figure 9-27 compares the maximum damper force obtained from the OpenSees 
numerical simulations with the, RTHS and SDP results. The average difference between 
the OpenSees results and the RTHS results for the maximum damper force is 18.8, 17.6, 
18.0, 8.3, 14.1 and 29.9% for the 1st story south side and north side dampers, 2nd story 
south side and north side dampers, and the 3rd story south side and north side dampers, 
respectively. The difference between the maximum damper force for the OpenSees and 
RTHS results is mainly due to the difference between the maximum damper 
deformations. The damper in the 3rd story north side appears to be more flexible than 
the other dampers. The SDP overestimates the damper force compared with both the 
OpenSees numerical simulation and RTHS experimental results. The average difference 
between the SDP and median RTHS maximum damper force is 27.7, 28.4, 24.9, 12.2, 
16.9 and 31.7% for the 1st story south side and north side dampers, 2nd story south side 
and north side dampers, and the 3rd story south side and north side dampers, 
respectively. The difference between SDP estimates and RTHS results are related to the 
difference between the dynamic behavior of the structure and SDP assumptions, and 
also the difference between the experimental DBF and the analytically modeled DBF.   
Figure 9-28 compares the maximum damper force obtained from the RTHS and 
the analytical damper model subjected to the RTHS damper deformation history. The 
damper model slightly overestimates the damper force in most cases. The average 
difference between the damper model and RTHS maximum damper force is 5.3, 5.9, 
9.8, 0.7, 7.3 and 21.8% for the 1st story south side and north side dampers, 2nd story 
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south side and north side dampers, and the 3rd story south side and north side dampers, 
respectively. There is good agreement between the RTHS maximum damper force and 
the maximum damper force predicted by the damper model for dampers in the 1st story, 
2nd story and the damper installed in the south side of the 3rd story. There is a larger 
discrepancy between the maximum damper force of the analytical damper model and 
the RTHS results for the damper installed in north side of the 3rd story. It appears that 
this damper is less stiff compared with the other dampers. In addition to verifying the 
damper model, close agreement the between maximum damper force obtained from the 
RTHS and the damper model shows that the damper behavior is repeatable among 
different dampers, is durable, and that its performance does not degrade by being 
subjected to several earthquakes. Comparisons of hysteresis loops obtained from RTHS 
and the analytical damper model are presented in Section 9.10.2.   
Figure 9-29 shows the ratio between the damper energy dissipation obtained 
from the damper model and RTHS. There is good agreement between the two results. 
In average the damper model overestimate the energy dissipation of the damper by 6.7, 
1.9, 15.4 and 9.7% for the 1st story south side, 2nd story south side, and 3rd story south 
side and north side dampers, and it overestimates the energy dissipation by 4.87 and 
4.71% for the 1st and 2nd story north side dampers.  
Figure 9-30 compares the maximum damper deformation to maximum story 
deformation ratio obtained from the OpenSees numerical simulations, RTHS and the 
SDP. There is close agreement between the SDP and OpenSees results. OpenSees 
overestimates the ratio compared with the RTHS by an average of 13.7, 10.1, 6.3, 6.2, 
7.3 and 7.7% for the 1st story south side and north side dampers, 2nd story south side and 
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north side dampers, and the 3rd story south side and north side dampers, respectively. 
These results indicate that 𝛼𝐷𝐵𝐹 𝛽⁄  ratio is smaller in the experimental structure than 
anticipated and the test structure for the DBF has a smaller truss action stiffness. The 
average maximum damper deformation to maximum story deformation ratio obtained 
from RTHS is 0.78, 0.81, 0.83, 0.90, 0.87 and 0.87 for 1st story south side and north side 
dampers, 2nd story south side and north side dampers, and the 3rd story south side and 
north side dampers, respectively. This indicates that most of the DBF story deformation 
occurs in the dampers which leads to an efficient system. 
Figure 9-31 compares the maximum DBF brace axial force obtained from 
OpenSees numerical simulations and RTHS. The numerical results overestimate the 
axial force in most cases. The average difference between the maximum brace axial 
forces recorded in the experiments and that predicted by OpenSees are 9.5, 10.8, 12.4, 
9.6, 27.1 and 10.2% for the 1st story south side and north side braces, 2nd story south 
side and north side braces, and the 3rd story south side and north side braces, 
respectively. The difference between the maximum DBF column axial forces from the 
RTHS and OpenSees is less than the difference between the maximum damper forces. 
One potential reason for this could be the brace to beam-column connection model. In 
the OpenSees numerical model the connection between the brace and the upper gusset 
plate and the connection between the upper gusset plate to beam-column intersection 
were assumed to be able to develop moment, and consequently has lower DBF axial 
force demands compared with a semi moment resistant or pin connection. Note that a 
moment resistant brace connection also provides higher 𝛼𝐷𝐵𝐹 values. 
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Figure 9-32 compares the maximum DBF column axial force obtained from 
OpenSees numerical simulations and the RTHS. The maximum 1st story south side 
column axial force in Figure 9-32 is not reported for some RTHSs due to noisy recorded 
data that existed near the peak axial force. Figure 9-32 shows that the numerical results 
overestimate the DBF axial force in most cases. The average difference between the 
maximum column axial forces recorded in experiments and that predicted by OpenSees 
are 9.9, 9.6, 8.5, 6.4, 7.7 and 5.2% for the 1st story south side and north side columns, 
2nd story south side and north side columns, and the 3rd story south side and north side 
columns, respectively.  
Figure 9-33 compares the maximum DBF column shear force obtained from 
OpenSees numerical simulations and the RTHS. OpenSees underestimates the DBF 
column shear force by an average error of 22.2, 26.5, 6.8, 11.0, 13.9 and 21.4% for the 
1st story south side and north side columns, 2nd story south side and north side columns, 
and the 3rd story south side and north side columns, respectively. The under-estimation 
of the column shear force by OpenSees indicates that there is more frame action (due to 
bending of the beams and columns) that occurs in the experimental DBF test structure 
compared with the OpenSees model of the DBF. This is attributed to the fact that the 
tee connections have some moment resistance, but are modeled as pin connections in 
the OpenSees model. Accurate modeling of the cyclic behavior of tee connection is 
difficult because the connections behave differently in each test and with respect to each 
other due to differences in bolt pre-tension force of the connection, bolt slop and initial 
location of the bolt with respect to the hole at the beginning of a test.   
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Figure 9-34 compares the maximum DBF south column moments obtained from 
OpenSees with the RTHS results. The average error between the maximum column 
moments recorded in the experiments and that predicted by OpenSees are 18.3, 22.4, 
10.2, 10.8, 14.6 and 12.7% for the 1st story column bottom (at the ground level floor 
beam center line) and column top (at the intersection with gusset plate), 2nd story column 
bottom and column top, and the 3rd story column bottom and column top, respectively. 
Figure 9-35 compares the maximum MRF column axial force obtained from 
OpenSees with the RTHS results. The numerical results slightly overestimate the MRF 
axial force in most cases. The average difference between the maximum column axial 
forces recorded in the experiments and that predicted by OpenSees is 5.6, 5.1 and 4.9% 
for the 1st story, 2nd story, and 3rd story columns, respectively.  
Figure 9-36 compares the maximum MRF column shear force obtained from 
OpenSees with the RTHS results. The numerical results slightly overestimate the MRF 
axial force in most cases. The average difference between the maximum column shear 
forces recorded in the experiments and that predicted by OpenSees is 8.6, 6.1 and 5.1% 
for the 1st story, 2nd story, and 3rd story columns, respectively.  
Figure 9-37 compares the maximum MRF column moments obtained from the 
OpenSees numerical simulations with the RTHS results. The numerical results slightly 
overestimate the MRF axial force in most cases. The average difference between the 
maximum column moments recorded in the experiments and that predicted by 
OpenSees is 7.6, 10.5, 7.5, 4.7, 5.9 and 4.9% for the 1st story column bottom (at the top 
of the ground level floor panel zone) and column top (at the bottom of the upper floor 
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panel zone), 2nd story column bottom and column top, and the 3rd story column bottom 
and column top, respectively. 
9.10.2 Test 11 (100V+DBF_DBE_Rec6) Detailed Results 
In the previous section summary comparisons were presented to show general 
agreement for maximum response quantities for all of the experiments between the 
numerical simulations and experiments. In this section detailed results of Test 11 are 
shown to provide more information on the accuracy of the experiments and agreement 
between time history responses, hysteresis loops and phase difference of response 
parameters between simulations and experiments. 
9.10.2.1 Accuracy of Experiments and Recorded Data, Test 11 
In a RTHS the accuracy of the simulation depends on the integration parameters 
and agreement between measured and target displacements. It was shown previously 
that the values for integration parameters did not noticeably affect the repeatability of 
the experiments and there is good agreement between measured and target floor 
displacement time histories for all experiments. To assess further the accuracy of 
recorded member forces, several equilibrium checks are presented in this section.  
Figure 9-38 compares the measured and target DBF floor displacement time 
histories. There is good agreement between the two quantities with NRMSE of 3.3, 1.8, 
1.9 and PAE of 1.7, 1.5 and 0.9 at the 1st, 2nd and 3rd floors, respectively. The same 
comparison is performed in the synchronization subspace plot shown in Figure 9-39. A 
slope close to one and minimal enclosed area of the plot indicates good agreement for 
amplitude and phase of the measured and target floor displacements achieved by using 
the adaptive compensator. The time history for adaptive compensation coefficient 
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values is shown in Figure 9-40. Figure 9-41 shows the zero crossing time delay of the 
measured floor displacement compared with the target floor displacement. The delay is 
small for most zero crossing; specifically at zero crossing that occur at the displacement 
cycles with larger amplitude. There is more delay visible at small cycles, particularly at 
the beginning of the ground motion. 
Figure 9-42 compares the DBF applied story shears calculated from the applied 
actuator forces and DBF resisting story shears determined from the measured member 
forces. To satisfy equilibrium in the horizontal direction it is expected that these two 
forces would be equal. There is good agreement between these story shears, with small 
differences that could be related to inertial forces in the test set-up. 
Figure 9-43 compares the DBF south column axial force with the negative value 
of the DBF north column axial force. The column axial forces appear to be equal and 
opposite, as expected to satisfy the equilibrium in the vertical direction. 
Figure 9-44 compares the total DBF 2nd story damper force and total brace 
horizontal force as an equilibrium check. There is good agreement between the two 
signals, indicating equilibrium in the horizontal direction exists between the diagonal 
bracing and the dampers at each floor level. 
The comparisons made in this section show that there is close agreement 
between the measured and target floor displacements and that the equilibrium checks 
are satisfied among the experimental results, indicating the accuracy of the tests and 
recorded data. 
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9.10.2.2 Behavior of the System, Test 11 
This section compares the general response, member deformation, force time 
histories, and member force-deformation hysteretic behavior of Test 11 between the 
OpenSees numerical simulations, and RTHS experiments, and SDP predictions.  
Figure 9-45 compares story drift time histories from OpenSees numerical 
simulation analysis and RTHS. There is good agreement between time history results 
of the two responses, although the OpenSees numerical simulation overestimates the 
displacement demands. The PAE between OpenSees and RTHS results are 4.7, 8.7 and 
6.4% for the 1st, 2nd and 3rd stories, respectively. The maximum story drift of the 
structure is below the target drift of 1.5% and the design objective is satisfied. The SDP 
predicts the maximum story drift at the 3rd story with 21.5% error.  
Figure 9-46 compares the damper-story deformation relation obtained from the 
OpenSees numerical simulation and the RTHS, along with the SDP predictions of the 
maximum response. The OpenSees results have a slightly larger secant slope, indicating 
that the damper deformation over story deformation ratio is larger in the OpenSees 
simulation compared with the experimental results. The larger enclosed area of the 
experimental results indicates that the OpenSees numerical simulation underestimate 
the amount of phase between the damper deformation and story deformation.  
Figure 9-47 compares the ratio of the maximum damper deformation over 
maximum story deformation obtained from the OpenSees numerical simulation, RTHS 
and the SDP. There is better agreement between the aforementioned ratio between the 
SDP and OpenSees predictions; however, the ratio from the RTHS experiment is also 
reasonably close to the OpenSees and SDP predictions. The difference between 
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OpenSees and the RTHS damper deformation results is 16.4, 12.8, 6.6, 8.2, 9.9 and 
9.9% for the 1st story south and north dampers, 2nd story south and north dampers, and 
the 3rd story south and north dampers, respectively. The overestimation of the ratio by 
OpenSees and the SDP compared with RTHS results indicates that the numerical models 
overestimate the lateral stiffness due to the truss action and underestimates the lateral 
stiffness due to framing action   of the DBF. The achieved maximum damper 
deformation over maximum story deformation are greater than 74% for the 1st story 
dampers and greater than 80% for the 2nd and 3rd story dampers. This indicates that most 
of the story deformation is experienced by the dampers and the design objective in 
providing an efficient system is satisfied.  
Figure 9-48 compares the damper force-deformation hysteresis loops from the 
OpenSees numerical simulation and the RTHS, along with the SDP prediction of the 
maximum response. The OpenSees results show larger damper deformations and 
consequently larger damper forces. The OpenSees and RTHS results show hysteresis 
loops with similar enclosed areas, indicating there is similar phase difference between 
damper deformation and damper force in both results. The difference between 
maximum damper deformation from OpenSees and the RTHS is 21.2, 17.5, 15.0, 16.7, 
16.6 and 17.6% for the 1st story south and north dampers, 2nd story south and north 
dampers, and the 3rd story south and north dampers, respectively. The difference 
between the maximum damper force from OpenSees and RTHS is 7.0, 8.8, 13.1, 4.9, 
8.6 and 24.6% for the 1st story south and north damper, 2nd story south and north damper, 
and the 3rd story south and north damper, respectively. The difference between the 
maximum damper force obtained from the SDP and the RTHS is 30.4, 31.7, 23.8, 13.5, 
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8.1 and 24.0% for the 1st story south and north dampers, 2nd story south and north 
dampers, and the 3rd story south and north dampers, respectively.  
 Figure 9-49 compares the damper hysteresis loops obtained from the RTHS and 
analytical damper model using the RTHS damper deformation time histories. The 
damper model appears to capture the damper behavior well in terms of maximum 
damper force and hysteretic response. The PAE is 2.5, 0.3, 4.3, 3.7, 1.8 and 15.3% for 
the 1st story south side and north side dampers, 2nd story south side and north side 
dampers, and the 3rd story south side and north side dampers, respectively. The damper 
model overestimates the damper energy dissipation by 6.9, 2.2, 12.9 and 5.9% for the 
1st story south side damper, 2nd story south side damper, and the 3rd story south side and 
north side dampers, and underestimates the damper energy dissipation by 4.1 and 6.2% 
for the 1st and 2nd story north side dampers. In addition to verifying the damper model, 
the good agreement between the RTHS and analytical damper model prediction 
indicates the repeatability of damper production. All dampers appear to have similar 
characteristics, except for the damper installed in the 3rd story north side which appears 
to be about 15% more flexible than other dampers. 
Figure 9-50 compares the damper force-story deformation hysteresis loops 
obtained from the RTHS and OpenSees numerical simulations, along with SDP 
predictions of the maximum responses. The hysteresis loops look similar and seem to 
have about the same phase.  
Figure 9-51 compares the DBF brace axial force-story deformation hysteretic 
behavior obtained from the RTHS and OpenSees numerical simulations, along with the 
SDP predictions of the maximum responses. The hysteresis loops have similar shapes 
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including similar stiffness and similar enclosed areas (similar phase). The difference 
between the maximum brace axial force obtained from OpenSees and the RTHS is 2.63, 
5.63, 8.1, 9.6, 26.5 and 3.6% for the 1st story south and north braces, 2nd story south and 
north braces, and the 3rd story south and north braces, respectively. The difference 
between the maximum brace axial force obtained from SDP and the RTHS is 21.2, 24.7, 
18.3, 20.1, 28.8 and 5.6% for the 1st story south and north braces, 2nd story south and 
north braces, and the 3rd story south and north braces, respectively. 
Figure 9-52 compares the DBF column axial force-story deformation hysteresis 
loops obtained from the RTHS and OpenSees numerical simulations, along with the 
SDP prediction of the maximum responses. The difference between the maximum 
column axial force from OpenSees and the RTHS is 6.7, 8.1, 5.2, 4.3, 6.1 and 4.0% for 
the 1st story south and north columns, 2nd story south and north columns, and the 3rd 
story south and north columns, respectively. The hysteresis loops have similar shapes 
and appear to have similar stiffness and phase. The experimental hysteresis loops in the 
3rd story appear to be slightly fatter, indicating a greater phase exists between the story 
drift and axial force in the experimental results compared to the numerical simulations. 
The difference between the maximum column axial force from the SDP and the RTHS 
is 26.2, 27.8, 15.9, 14.8, 10.8 and 8.6% for the 1st story south and north columns, 2nd 
story south and north columns, and the 3rd story south and north columns, respectively. 
Figure 9-53 compares the DBF column shear force-story deformation hysteretic 
relationship obtained from the RTHS and OpenSees numerical simulations. The RTHS 
hysteresis loops for the 1st and 3rd stories show larger stiffness, indicating that there is 
more frame action in the experimental DBF than the DBF model. The difference 
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between the maximum column shear force from OpenSees and the RTHS is 30.7, 39.4, 
1.06, 12.1, 5.9 and 20.0% for the 1st story south and north columns, 2nd story south and 
north columns, and the 3rd story south and north columns, respectively. The difference 
between the maximum story shear obtained from the RTHS and OpenSees indicates that 
the experimental DBF is stiffer than the DBF model mainly due to moment resistance 
in the tee connections of the experimental DBF that is neglected in the OpenSees model. 
Also there is more nonlinearity and energy dissipation observed in the experimental 
DBF column shears which provides more energy dissipation in the experimental DBF 
compared to the OpenSees model. The higher stiffness and energy dissipation in 
experimental DBF leads to smaller story drifts in RTHSs compared to OpenSees 
numerical simulations and is one source of difference between the SDP and RTHS, and 
OpenSees and RTHS results. Note that Test 11 is one of the experiments with more 
discrepancy between OpenSees and RTHS predictions of maximum DBF column shear 
force and the average error values provided in Section 9.10.1 are smaller. The difference 
between the maximum column shear force from the SDP and the RTHS is 10.3, 20.4, 
12.9, 9.3, 13.8 and 23.4% for the 1st story south and north columns, 2nd story south and 
north columns, and the 3rd story south and north columns, respectively.  
Figure 9-54 compares the DBF south column moment-story deformation 
hysteretic response obtained from the RTHS and OpenSees numerical simulations. The 
difference between the maximum column moments recorded in the experiments and that 
predicted by OpenSees are 27.1, 36.8, 3.9, 13.3, 0.1 and 14.0% for the 1st story column 
bottom (at the ground level floor beam center line) and column top (at the intersection 
with gusset plate), 2nd story column bottom and column top, and the 3rd story column 
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bottom and column top, respectively. Test 11 is one of the experiments with more 
discrepancy between OpenSees and RTHS predictions of maximum DBF column 
moments and the average error values provided in Section 9.10.1 are smaller. SDP 
assumes no phase between the story deformation and DBF column moments, the phase 
is very large in the 1st story column top moment; however, it is not very important since 
the moment is small there. The phase at other locations are larger in the RTHS 
experiments compared to the OpenSees numerical simulations. The error between the 
maximum column moment from the SDP and the RTHS is 3.1, 2.6, and 0.46% at the 
1st, 2nd, and the 3rd story, respectively.  
Figure 9-55 compares the DBF south column axial force-moment interaction 
obtained from the RTHS and OpenSees numerical simulations. The yield and plastic 
surfaces shown in the figure indicate the initiation of yielding (when the maximum 
strain in the section reaches the yield strain) and plastificiation of the section (when 
stress amplitude is equal to yield stress everywhere in the section). There is no yielding 
in DBF columns under this DBE ground motion.  
Figure 9-56 compares the DBF tee connection axial force-axial relative 
displacement obtained from the RTHS and OpenSees numerical simulations. The 
connection was modeled as an elastic section without consideration of bolt slip and hole 
slop. There is good agreement between the axial stiffness for the two cases the before 
bolts slip. The tee connections behave differently at each floor and also during each test, 
depending on the bolt pretension force, hole slop, and initial location of the bolt with 
respect to the edge of the bolt hole at each connection  
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Figure 9-57 compares the DBF tee connection relative rotation time history 
obtained from the RTHS and OpenSees numerical simulations. The connection was 
modeled with no moment resistance in OpenSees. As shown in Figure 9-57, there is less 
relative rotation in the RTHS data which indicates that the connection provides some 
moment resistance.  
Figure 9-58 compares the MRF RBS center moment-chord rotation obtained 
from the RTHS and OpenSees numerical simulations. There is good agreement between 
the two sets of data. RBSs of all floors yield, but yielding is not significant. Adding 
dampers has led to limited yielding. The close agreement between the RTHS and 
OpenSees numerical simulations verifies the performance assessment performed on 
MRF beam plastic rotation in Chapter 8.   
Figure 9-59 compares the MRF column axial force-story deformation hysteretic 
response obtained from the RTHS and OpenSees numerical simulation. There is good 
agreement between the two results. There is some small phase between the MRF column 
axial force and story deformation which agrees with what is assumed by SDP. Similar 
trends can be seen in Figures 9-59 and 9-60 which show the MRF column shear and 
axial force hysteretic relations. Good agreement between MRF column member forces 
obtained from the RTHS and OpenSees numerical simulation verifies the performance 
assessment performed on MRF column plastic rotation in Chapter 8.  
Figure 9-62 compares the MRF column axial force-moment interaction obtained 
from the RTHS and OpenSees numerical simulation. The 1st story column base is at the 
edge of yielding subjected to the DBE ground motion. The behavior of MRF columns 
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are more governed by moment and their axial force is not significant. There is good 
agreement between the RTHS and OpenSees results.  
9.10.3 Review of Time History and Hysteretic Response Results of all Experiments 
In this section plots of the time history and hysteretic results for all RTHSs are 
given. For each experiment, plots related to a comparison between measured and target 
floor displacement, comparison of RTHS and OpenSees story drift time history, 
comparison of RTHS and OpenSees damper force-deformation hysteresis loops, and 
comparison of RTHS and analytical damper model damper force-deformation hysteresis 
loops are presented in Figure 9-63 to Figure 9-230. Regarding that Record Number 8 
(which is used is Test 2, Test 7, Test 12, Test 20, Test 28, test 35) is 70 seconds long, 
the first 20 seconds and the last 10 seconds that cause negligible floor displacements are 
not shown in corresponding plots for this earthquake for purpose of better visual 
resolution. 
9.11 Summary 
In this chapter the RTHS of the 100V+DBF and 75V+DBF structures were 
presented that were designed in Chapter 6 to verify the design methodology and 
numerical simulations performed in Chapter 8 and to experimentally validate the 
performance of the steel MRF building structures with elastomeric dampers. The 
experimental substructure included the DBF with elastomeric dampers while the 
analytical substructure included the rest of the structure.  
The CR integration algorithm is used in the RTHS experiments to determine 
the displacement of the structure at each time step. The ATS compensator was used to 
accurately impose displacements on the test structure by overcoming the time delay 
300 
 
and amplitude errors. The nonlinear finite element SIMULINK (2013) based program 
HybridFEM was used for performing the RTHS. A test matrix was prepared that 
included experiments at the FOE, DBE, MCE and 1.2 MCE hazard levels, with the 
ground motion records that create responses close to the median response. 
Repeatability of the experiments and insensitivity of the experimental results to the 
values selected for the initial stiffness and damping matrices used for the calculation 
of the integration parameters were verified.  
A summary of the maximum value of the more important response quantities 
for all of the experiments was presented, followed by detailed response time history 
and hysteretic response of Test 11, and overview of the time history and hysteretic 
responses of the more important response quantities for all experiments. In general, 
experimental results verified the SDP design objectives and predictions, and the 
OpenSees numerical simulations. The SDP and OpenSees numerical simulations 
modestly overestimated the response demands in most cases. The dampers showed 
repeatable and durable behavior and the damper model predicted the damper behavior 
with good accuracy.    
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Table 9-1. Chosen ground motions for RTHS 
Record 
Number 
Earthquake Station Component FOE 
scale 
factor 
DBE 
scale 
factor 
MCE 
scale 
factor 
6 Kocaeli 
1999 
Duzce DZC180 0.542 1.346 2.02 
8 Chi-Chi 
1999 
TCU042 TCU042-E 0.800 1.985 2.977 
11 Duzce 1999 Bolu BOL000 0.335 0.831 1.246 
12 Imperial 
Valley 1979 
Brawley 
Airport 
H-BRA315 0.849 
(0.846) 
2.10 
(1.926) 
3.15   
(2.89) 
13 Imperial 
Valley 1979 
Delta H-DLT352 0.558 
(0.583) 
1.383 
(1.228) 
2.075 
(1.997) 
15 Superstition 
Hills 1987 
Westmoreland 
Fire Station 
B-WSM180 0.608 1.51 2.26 
19 Landers 
1992 
Yermo Fire 
Station 
YER270 0.593 1.47 
(1.364) 
2.205 
(2.219) 
20 Northridge 
1994 
Canyon 
Country 
LOS000 0.468 1.16 1.74 
 
Table 9-2. RTHS test matrix 
 
Record 
Number 
FOE DBE MCE 1.2MCE 
100V 
+DBF 
75V 
+DBF 
100V 
+DBF 
75V 
+DBF 
100V 
+DBF 
75V 
+DBF 
100V 
+DBF 
6 Test 1 Test 6 Test 11 Test 19 Test 27   
8 Test 2 Test 7 Test 12 Test 20 Test 28 Test 35  
11   Test 13 Test 21 Test 29 Test 36  
12 Test 3 Test 8 Test 14 Test 22 Test 30 Test 37  
13 Test 4 Test 9 Test 15 Test 23 Test 31 Test 38  
15   Test 16 Test 24 Test 32 Test 39 Test 42 
19   Test 17 Test 25 Test 33 Test 40 Test 43 
20 Test 5 Test 10 Test 18 Test 26 Test 34 Test 41  
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Figure 9-1. Analytical and experimental substructures 
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Figure 9-2. Experimental substructure 
 
Figure 9-3. Dampers located in DBF 2nd story 
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Figure 9-4. Damper to damper-beam connector connection details 
 
Figure 9-5. Dampers installed in 1st story 
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Figure 9-6. Dampers installed in 2nd story 
 
Figure 9-7. Dampers installed in 3rd story 
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Figure 9-8. Actuators connected to DBF 
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Figure 9-9. DBF instrumentation 
 
308 
 
 
(a) plan view 
 
(b) elevation view 
Figure 9-10. Damper deformation measurement 
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Figure 9-11. Ground link instrumentation 
 
                 (a) without feedback                                      (b) with feedback 
Figure 9-12. Schematic of ATS actuator compensation (Chae, et al., 2013) 
 
Figure 9-13. BLWN acceleration time history 
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Figure 9-14. Comparison between measured and target DBF floor displacements from 
BLWN test 
 
Figure 9-15. Synchronization subspace plots for measured and target DBF floor 
displacements from BLWN test 
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Figure 9-16. Values of adaptive compensation coefficients during BLWN test 
 
Figure 9-17. RTMD IT infrastructure at Lehigh University 
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  (a) 100V+DBF 
 
(b) 75V+DBF 
Figure 9-18. Maximum story drift ratio of each ground motion scaled to FOE  
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  (a) 100V+DBF 
 
  (b) 75V+DBF 
Figure 9-19. Maximum story drift ratio of each ground motion scaled to DBE  
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  (a) 100V+DBF 
 
  (b) 75V+DBF 
Figure 9-20. Maximum story drift ratio of each ground motion scaled to MCE  
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Figure 9-21. Repeatability of simulations 
 
Figure 9-22. Comparison of floor displacements for simulations with 𝐾𝑒, 𝐶𝑒 (repetition 
1 from Figure 9-21) and with 0.5𝐾𝑒 and 0.5𝐶𝑒 
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Figure 9-23. Comparison of floor displacements for simulations with 𝐾𝑒, 𝐶𝑒 (repetition 
2 from Figure 9-21) and with 0.5𝐾𝑒 and 0.5𝐶𝑒 
 
Figure 9-24. Summary of NRMSE and PAE between measured and target DBF floor 
displacements 
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Figure 9-25. Summary of comparison of maximum story drift ratio between OpenSees 
numerical simulations, RTHS and SDP 
 
Figure 9-26. Summary of comparison of maximum damper deformation between 
OpenSees numerical simulations, RTHS and SDP 
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Figure 9-27. Summary of comparison of maximum damper force between OpenSees 
numerical simulations, RTHS and SDP 
 
Figure 9-28. Summary of comparison of maximum damper force between damper 
model and RTHS 
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Figure 9-29. Summary of comparison of ratio of damper energy dissipation obtained 
from the damper model over damper energy dissipation obtained from RTHS 
 
Figure 9-30. Summary of comparison of maximum damper deformation to maximum 
story deformation ratio between OpenSees numerical simulations, RTHS and 
SDP 
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Figure 9-31. Summary of comparison of maximum DBF brace axial force between 
OpenSees numerical simulations and RTHS 
 
Figure 9-32. Summary of comparison of maximum DBF column axial force between 
OpenSees numerical simulations and RTHS 
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Figure 9-33. Summary of comparison of maximum DBF column shear force between 
OpenSees numerical simulations and RTHS 
 
Figure 9-34. Summary of comparison of maximum DBF south column moments 
between OpenSees numerical simulations and RTHS 
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Figure 9-35. Summary of comparison of maximum MRF column axial force between 
OpenSees numerical simulations and RTHS 
 
Figure 9-36. Summary of comparison of maximum MRF column shear force between 
OpenSees numerical simulations and RTHS 
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Figure 9-37. Summary of comparison of maximum MRF column moments between 
OpenSees numerical simulations and RTHS 
  
                                                   (a)                                                       (b) 
Figure 9-38. Comparison between measured and target DBF floor displacements, Test 
11: (a) time history, (b) displacement history near peak displacement 
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Figure 9-39. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 11 
 
Figure 9-40. Adaptive compensation coefficients, Test 11 
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Figure 9-41. Time delay of measured floor displacement with respect to target floor 
displacement at times of zero crossing, Test 11 
 
Figure 9-42. Comparison of DBF story shear calculated from applied actuator forces 
and measured member forces, Test 11 
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Figure 9-43. DBF column axial forces, Test 11 
 
Figure 9-44. Comparison of DBF 2nd story damper force and brace horizontal force, 
Test 11 
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Figure 9-45. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
11 
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(a) 
 
(b) 
Figure 9-46. Comparison of RTHS and OpenSees numerical simulation of damper 
deformation vs story deformation relation, Test 11 
 
Figure 9-47. Comparison of RTHS and OpenSees numerical simulation of maximum 
damper deformation over maximum story deformation ratio, Test 11 
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Figure 9-48. Comparison of RTHS and OpenSees numerical simulation of damper 
hysteretic behavior, Test 11 
 
Figure 9-49. Comparison of RTHS and analytical damper model damper hysteretic 
behavior, Test 11 
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Figure 9-50. Comparison of RTHS and OpenSees numerical simulation of damper 
force-story deformation hysteretic behavior, Test 11 
  
Figure 9-51. Comparison of RTHS and OpenSees numerical simulation of DBF brace 
axial force-story deformation hysteretic behavior, Test 11 
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Figure 9-52. Comparison of RTHS and OpenSees numerical simulation of DBF column 
axial force-story deformation hysteretic behavior, Test 11 
 
Figure 9-53. Comparison of RTHS and OpenSees numerical simulation of DBF column 
shear force-story deformation hysteretic behavior, Test 11 
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Figure 9-54. Comparison of RTHS and OpenSees numerical simulation of DBF south 
column moment-story deformation hysteretic behavior, Test 11 
 
Figure 9-55. Comparison of RTHS and OpenSees numerical simulation of DBF south 
column axial force-moment interaction, Test 11 
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Figure 9-56. Comparison of RTHS and OpenSees numerical simulation of DBF Tee 
connection axial force-axial relative displacement hysteretic behavior, Test 
11 
 
Figure 9-57. Comparison of RTHS and OpenSees numerical simulation of DBF tee 
connection relative rotation time history, Test 11 
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Figure 9-58. Comparison of RTHS and OpenSees numerical simulation of MRF RBS 
center moment-chord rotation, Test 11 
 
Figure 9-59. Comparison of RTHS and OpenSees numerical simulation of MRF column 
axial force-story deformation hysteretic response, Test 11 
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Figure 9-60. Comparison of RTHS and OpenSees numerical simulation of MRF column 
shear force-story deformation hysteretic response, Test 11 
 
Figure 9-61. Comparison of RTHS and OpenSees numerical simulation of MRF column 
moment-story deformation hysteretic behavior, Test 11 
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Figure 9-62. Comparison of RTHS and OpenSees numerical simulation of MRF column 
axial force-moment interaction, Test 11 
 
Figure 9-63. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 1 
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Figure 9-64. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
1 
 
Figure 9-65. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 1 
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Figure 9-66. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 1 
 
Figure 9-67. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 2 
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Figure 9-68. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
2 
 
Figure 9-69. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 2 
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Figure 9-70. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 2 
 
Figure 9-71. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 3 
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Figure 9-72. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
3 
 
Figure 9-73. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 3 
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Figure 9-74. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 3 
 
Figure 9-75. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 4 
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Figure 9-76. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
4 
 
Figure 9-77. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 4 
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Figure 9-78. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 4 
 
Figure 9-79. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 5 
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Figure 9-80. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
5 
 
Figure 9-81. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 5 
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Figure 9-82. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 5 
 
Figure 9-83. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 6 
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Figure 9-84. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
6 
 
Figure 9-85. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 6 
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Figure 9-86. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 6 
 
Figure 9-87. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 7 
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Figure 9-88. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
7 
 
Figure 9-89. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 7 
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Figure 9-90. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 7 
 
Figure 9-91. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 8 
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Figure 9-92. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
8 
 
Figure 9-93. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 8 
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Figure 9-94. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 8 
 
Figure 9-95. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 9 
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Figure 9-96. Comparison of RTHS and OpenSees numerical simulation story drifts, Test 
9 
 
Figure 9-97. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 9 
0 10 20 30 40 50 60 70 80
-0.5
0
0.5
1
st
 Story
 
 
0 10 20 30 40 50 60 70 80
-0.5
0
0.5
D
ri
ft
 R
at
io
 (
%
)
2
nd
 Story
0 10 20 30 40 50 60 70 80
-0.5
0
0.5
Time (s)
3
rd
 Story
RTHS
OpenSees
-0.5 0 0.5
-50
0
50
1
st
 Floor South Damper Group
 
 
RTHS
OpenSees
-0.5 0 0.5
-50
0
50
1
st
 Floor North Damper Group
-0.5 0 0.5
-50
0
50
D
am
p
er
 F
o
rc
e 
(K
ip
s)
2
nd
 Floor South Damper Group
-0.5 0 0.5
-50
0
50
2
nd
 Floor North Damper
-0.5 0 0.5
-50
0
50
3
rd
 Floor South Damper
-0.5 0 0.5
-50
0
50
3
rd
 Floor North Damper
Damper Deformation (in)
354 
 
 
Figure 9-98. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 9 
 
Figure 9-99. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 10 
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Figure 9-100. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 10 
 
Figure 9-101. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 10 
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Figure 9-102. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 10 
 
Figure 9-103. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 12 
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Figure 9-104. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 12 
 
Figure 9-105. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 12 
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Figure 9-106. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 12 
 
Figure 9-107. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 13 
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Figure 9-108. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 13 
 
Figure 9-109. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 13 
0 5 10 15 20 25 30 35 40
-1.5
0
1.5
1
st
 Story
 
 
RTHS
OpenSees
0 5 10 15 20 25 30 35 40
-1.5
0
1.5
D
ri
ft
 R
at
io
 (
%
)
2
nd
 Story
0 5 10 15 20 25 30 35 40
-1.5
0
1.5
Time (s)
3
rd
 Story
-1 0 1
-75
0
75
1
st
 Floor South Damper Group
 
 
RTHS
OpenSees
-1 0 1
-75
0
75
1
st
 Floor North Damper Group
-1 0 1
-75
0
75
D
am
p
er
 F
o
rc
e 
(K
ip
s)
2
nd
 Floor South Damper Group
-1 0 1
-75
0
75
2
nd
 Floor North Damper
-1 0 1
-75
0
75
3
rd
 Floor South Damper
-1 0 1
-75
0
75
3
rd
 Floor North Damper
Damper Deformation (in)
360 
 
 
Figure 9-110. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 13 
 
Figure 9-111. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 14 
-1 0 1
-75
0
75
1
st
 Floor South Damper Group
 
 
RTHS
Model
-1 0 1
-75
0
75
1
st
 Floor North Damper Group
-1 0 1
-75
0
75
D
am
p
er
 F
o
rc
e 
(K
ip
s)
2
nd
 Floor South Damper Group
-1 0 1
-75
0
75
2
nd
 Floor North Damper
-1 0 1
-75
0
75
3
rd
 Floor South Damper
-1 0 1
-75
0
75
3
rd
 Floor North Damper
Damper Deformation (in)
-2.5 0 2.5
-2.5
0
2.5
1
st
 Floor
M
ea
su
re
d
 D
is
p
la
ce
m
en
t 
(i
n
)
-2.5 0 2.5
-2.5
0
2.5
Target Displacement (in)
2
nd
 Floor
-2.5 0 2.5
-2.5
0
2.5
3
rd
 Floor
361 
 
 
Figure 9-112. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 14 
 
Figure 9-113. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 14 
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Figure 9-114. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 14 
 
Figure 9-115. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 15 
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Figure 9-116. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 15 
 
Figure 9-117. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 15 
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Figure 9-118. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 15 
 
Figure 9-119. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 16 
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Figure 9-120. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 16 
 
Figure 9-121. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 16 
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Figure 9-122. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 16 
 
Figure 9-123. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 17 
-1 0 1
-75
0
75
1
st
 Floor South Damper Group
 
 
Experiment
Model
-1 0 1
-75
0
75
1
st
 Floor North Damper Group
-1 0 1
-75
0
75
D
am
p
er
 F
o
rc
e 
(K
ip
s)
2
nd
 Floor South Damper Group
-1 0 1
-75
0
75
2
nd
 Floor North Damper
-1 0 1
-75
0
75
3
rd
 Floor South Damper
-1 0 1
-75
0
75
3
rd
 Floor North Damper
Damper Deformation (in)
-2.5 0 2.5
-2.5
0
2.5
1
st
 Floor
M
ea
su
re
d
 D
is
p
la
ce
m
en
t 
(i
n
)
-2.5 0 2.5
-2.5
0
2.5
Target Displacement (in)
2
nd
 Floor
-2.5 0 2.5
-2.5
0
2.5
3
rd
 Floor
367 
 
 
Figure 9-124. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 17 
 
Figure 9-125. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 17 
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Figure 9-126. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 17 
 
Figure 9-127. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 18 
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Figure 9-128. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 18 
 
Figure 9-129. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 18 
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Figure 9-130. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 18 
 
Figure 9-131. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 19 
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Figure 9-132. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 19 
 
Figure 9-133. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 19 
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Figure 9-134. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 19 
 
Figure 9-135. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 20 
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Figure 9-136. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 20 
 
Figure 9-137. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 20 
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Figure 9-138. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 20 
 
Figure 9-139. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 21 
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Figure 9-140. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 21 
 
Figure 9-141. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 21 
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Figure 9-142. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 21 
 
Figure 9-143. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 22 
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Figure 9-144. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 22 
 
Figure 9-145. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 22 
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Figure 9-146. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 22 
 
Figure 9-147. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 23 
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Figure 9-148. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 23 
 
Figure 9-149. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 23 
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Figure 9-150. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 23 
 
Figure 9-151. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 24 
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Figure 9-152. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 24 
 
Figure 9-153. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 24 
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Figure 9-154. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 24 
 
Figure 9-155. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 25 
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Figure 9-156. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 25 
 
Figure 9-157. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 25 
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Figure 9-158. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 25 
 
Figure 9-159. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 26 
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Figure 9-160. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 26 
 
Figure 9-161. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 26 
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Figure 9-162. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 26 
 
Figure 9-163. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 27 
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Figure 9-164. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 27 
 
Figure 9-165. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 27 
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Figure 9-166. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 27 
 
Figure 9-167. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 28 
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Figure 9-168. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 28 
 
Figure 9-169. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 28 
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Figure 9-170. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 28 
 
Figure 9-171. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 29 
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Figure 9-172. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 29 
 
Figure 9-173. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 29 
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Figure 9-174. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 29 
 
Figure 9-175. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 30 
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Figure 9-176. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 30 
 
Figure 9-177. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 30 
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Figure 9-178. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 30 
 
Figure 9-179. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 31 
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Figure 9-180. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 31 
 
Figure 9-181. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 31 
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Figure 9-182. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 31 
 
Figure 9-183. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 32 
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Figure 9-184. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 32 
 
Figure 9-185. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 32 
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Figure 9-186. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 32 
 
Figure 9-187. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 33 
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Figure 9-188. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 33 
 
Figure 9-189. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 33 
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Figure 9-190. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 33 
 
Figure 9-191. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 34 
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Figure 9-192. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 34 
 
Figure 9-193. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 34 
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Figure 9-194. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 34 
 
Figure 9-195. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 35 
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Figure 9-196. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 35 
 
Figure 9-197. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 35 
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Figure 9-198. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 35 
 
Figure 9-199. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 36 
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Figure 9-200. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 36 
 
Figure 9-201. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 36 
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Figure 9-202. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 36 
 
Figure 9-203. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 37 
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Figure 9-204. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 37 
 
Figure 9-205. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 37 
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Figure 9-206. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 37 
 
Figure 9-207. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 38 
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Figure 9-208. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 38 
 
Figure 9-209. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 38 
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Figure 9-210. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 38 
 
Figure 9-211. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 39 
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Figure 9-212. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 38 
 
Figure 9-213. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 39 
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Figure 9-214. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 39 
  
Figure 9-215. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 40 
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Figure 9-216. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 40 
 
Figure 9-217. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 40 
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Figure 9-218. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 40 
 
Figure 9-219. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 41 
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Figure 9-220. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 41 
 
Figure 9-221. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 41 
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Figure 9-222. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 41 
 
Figure 9-223. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 42 
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Figure 9-224. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 42 
 
Figure 9-225. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 42 
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Figure 9-226. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 42 
 
Figure 9-227. Synchronization subspace plots for measured and target DBF floor 
displacements, Test 43 
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Figure 9-228. Comparison of RTHS and OpenSees numerical simulation story drifts, 
Test 43 
 
Figure 9-229. Comparison of RTHS and OpenSees numerical simulation damper force-
deformation hysteretic behavior, Test 43 
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Figure 9-230. Comparison of RTHS and analytical damper model damper force-
deformation hysteretic behavior, Test 43 
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Chapter 10. Summary, Conclusions and Future Research  
10.1 Summary 
Conventional seismic resistant systems dissipate energy through inelastic 
deformations of structural members subjected to the design earthquake which results in 
damage of structural and non-structural members. The seismic protective systems 
reviewed in Chapter 2 are able to reduce structural demands during an earthquake. 
Viscoelastic (VE) dampers are a type of passive damper that can provide high energy 
dissipation and potentially significantly decrease story drift and force demands on 
structural members. However, their behavior is highly dependent on the ambient 
temperature. Elastomeric dampers have the advantage of modest sensitivity to ambient 
temperature and excitation frequency; however, they have less energy dissipation 
capacity compared to viscoelastic dampers. To increase the energy dissipation capacity 
of dampers designed with elastomeric materials, a 1st generation pre-compressed 
elastomeric damper was designed by Kontopanos (2006). The elastomeric material in 
this damper slips against a steel tube and provides high energy dissipation via friction 
in addition to the energy dissipated through shear deformation of the elastomeric 
material. However, the slip of elastomeric material leads to permanent deformation and 
damage of the damper after an earthquake.  
A 2nd generation pre-compressed elastomeric damper was designed to overcome 
the shortcoming of the 1st generation pre-compressed elastomeric damper. The damper 
consists of two inner steel tubes, two outer steel tubes, thin and thick layers of 
elastomeric material, and thin steel plates. The thin and thick layers of elastomer are 
bonded to the inner tubes and the thick elastomer layer is bonded to the thin steel plates 
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to form the inner assembly. The inner assembly is then pre-compressed into the outer 
tubes. The thick elastomer layers are bonded to the steel plates which are bolted to the 
outer tubes and do not develop slip under the demand from a median DBE earthquake. 
The damper was characterized at different deformation amplitudes, excitation 
frequencies, and ambient temperatures and the damper properties such as equivalent 
stiffness and loss factor were determined. Characterization tests data revealed that the 
thin elastomer layers had a small contribution to the damper behavior and the damper 
did not provide enough energy dissipation capacity.      
A 3rd generation pre-compressed elastomeric damper was therefore designed to 
overcome the shortcomings of the 1st and 2nd generation pre-compressed elastomeric 
dampers. The damper consists of the same components as the 2nd generation damper, 
except for two changes: (1) the HSS5x551/4 outer tube section was replaced with an 
HSS5x5x5/16 outer tube section to increase the pre-compression of the elastomer; and 
(2) the HD butyl 50A elastomeric material was replaced by an HD butyl 60A 
elastomeric compound to stiffen the damper. The damper was characterized by 
subjecting it to a series of harmonic excitations with different deformation amplitudes, 
frequencies, and ambient temperatures.  
The SDOF analytical models developed by Fan (1998) for systems with 
viscoelastic dampers were reviewed. The methods of approximating the natural periods 
and damping ratios of a MDOF VE-damped system using simplified elastic-viscous 
models were described and the simplified design procedure for the design of structures 
with viscoelastic and elastomeric dampers by Lee, et al. (2005) was presented. The 
effect of the flexibility of structural members other than the diagonal braces on the 
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efficiency of a damped system was investigated, and the analytical models developed 
by Fan (1998) were generalized to include the effect of the flexibility of structural 
members that act in series with the dampers.  
A 0.6-scale steel MRF office building located in Southern California was 
designed, satisfying the strength requirements but not the drift requirements of ASCE 
7-10 (2010). This design was called 100V indicating that MRFs are designed for 100% 
of the design code base shear. Elastomeric dampers were added to the MRF building to 
satisfy a target drift of 1.5%. This design was called 100V+DBF. Another design case 
called 75V+DBF was created by increasing seismic mass of 100V+DBF design by 33%, 
which results in MRFs that provide adequate strength for 75% of the design base shear. 
The detailed properties of the structures designed with the dampers were found using 
SDP.  
An elaborate damper model was developed including two Bouc-Wen elements, 
one nonlinear hardening element with bond breakage and one nonlinear dashpot element 
and was calibrated based on characterization test data using the particle swarm 
optimization algorithm. The accuracy of the model subjected to transient excitations 
was verified and the model was updated using experimental earthquake response 
histories.  
Finite element models were developed for structures designed in Chapter 6 and 
numerical simulations were performed using OpenSees. The damper model developed 
in Chapter 7 was used to model the elastomeric dampers. A set of 20 ground motions 
was chosen that creates a median response spectrum close to the design spectrum in the 
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0.2-2.0 sec. period range. The performance of the designed structures was assessed 
according to recommendation of ASCE 41-06  
The 100V+DBF and 75V+DBF designs were fabricated and subjected to RTHS 
experiments to verify the design methodology and numerical simulations, and to 
experimentally validate the performance of the steel MRF building structures with 
elastomeric dampers. The experimental substructure included the DBF with 
elastomeric dampers and the analytical substructure included the rest of the structure. 
The CR integration algorithm is used in the RTHS to compute the displacement of the 
structure at each time step. An ATS compensator is used to overcome time delay and 
amplitude errors in order to accurately impose displacements onto the test structure. 
The nonlinear finite element SIMULINK-based (2013) program HybridFEM 
(Karavasilis, et al., 2012) was used for performing the RTHS. The test matrix included 
experiments at the FOE, DBE, MCE and 1.2MCE hazard levels, with the ground 
motion records that create response close to the median response. Repeatability of 
experiments and insensitivity of experimental results to initial stiffness and damping 
matrices used for calculation of the integration parameters of the CR integration 
algorithm were verified. A summary of the maximum value of the most important 
response parameters of all experiments was presented, followed by detailed response 
time history and hysteretic behavior of response parameters of Test 11, and a brief 
review of the time history and hysteretic behavior of the more important response 
quantities for all experiments.    
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10.2 Findings 
Findings from the characterization tests of the 3rd generation elastomeric 
dampers are as follows: 
(1) The damper mechanical properties depend mainly on deformation amplitude, but 
also modestly depend on excitation frequency and ambient temperature. 
(2) The damper stiffness 𝑘′ and loss factor 𝜂 are greater at lower temperatures and 
higher excitation frequencies. 
(3) The damper stiffness is more sensitive to frequency at smaller deformation 
amplitudes. 
(4) The damper exhibits softening behavior for deformation amplitudes up to 1.5in., and 
hardening behavior followed by elastomer-steel bond breakage and severe degradation 
in capacity at deformation amplitudes of 3.0 to 5.0 in. In the deformation range of 6.0 
to 8.0 in. the bond is completely broken and the damper exhibits only frictional 
behavior. 
(5) The loss factor of the 3rd generation elastomeric damper decreases up to a 
deformation amplitude of 1.0 in. However, slip of the thin elastomer layers increases 
the loss factor at deformation amplitudes larger than 1.0 in. 
(6) The breakage of the bond between the thick elastomer layers and the steel plates, 
followed by slip of the thick elastomer layers against the tube wall at deformation 
amplitudes larger than 3.0 in. significantly increases the loss factor of the damper. 
(7) The 3rd generation damper is about twice as stiff compared to the 1st and 2nd 
generation dampers in the deformation amplitude range of 1.0 to 2.0 in. 
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(8) The 3rd generation damper has a higher pre-slip deformation amplitude capacity 
compared to the 1st generation damper, where pre-slip deformation amplitude capacity 
is the deformation range in which the thick layer does not slip and the damper will have 
negligible residual deformation. 
(9) The loss factors of the 2nd and 3rd generation dampers are about the same up to a 
deformation amplitude of 2.0 in. At higher deformation amplitudes slip of the thin 
elastomer layers and partial slip of the thick elastomer layers of the 3rd generation 
damper considerably increases the loss factor compared to the 2nd generation damper. 
(10) The bond failure behavior observed at larger deformations is desirable because it 
limits the damper force and therefore prevents large forces from developing in structural 
members. 
(11) The 3rd generation damper showed desired behavior in terms of stiffness, and 
energy dissipation. 
The findings from the design and analysis of structures with elastomeric 
dampers are as follows: 
(1) The effect of structural member flexibility other than the diagonal braces on the 
behavior of a damped system can be significant and should not be neglected. 
(2) The analytical models developed by Fan (1998) and Lee (2003) for damper-brace 
and damper-brace-frame systems can be generalized to damper-DBF and damper-DBF-
frame models to include the effect of flexibility of structural members other than the 
diagonal braces. 
(3) Closed form equations can be derived for the stiffness of deformation modes of a 
damper-DBF system.   
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The findings from the performance based design study of steel structures with 
elastomeric dampers are as follows: 
(1) The dampers are effective in increasing the damping ratio and decreasing the story 
drifts and the corresponding damage. Comparing the 100V and 100V+DBF designs, the 
damping ratio is increased from 2% to about 10% and the maximum story drift reduced 
from 3.1% to about 1.4% under the DBE hazard level. The maximum story drift of the 
100V+DBF design at the MCE hazard level is about 2.2% and is significantly less than 
the 4.8% maximum story drift developed in the MRF without dampers (100Vdesign). 
(2) Design of a damped frame system with MRFs that are designed for a reduced design 
base shear than that specified by design codes can lead to satisfactory performance. The 
maximum story drift of the 75V+DBF design predicted by the SDP is 1.7% and 2.7% 
for the DBE and MCE hazard levels, respectively.  
(3) The normalized DBF stiffness 𝛼𝐷𝐵𝐹 is different for the DBE and MCE hazard levels 
mainly due to changes in the damper stiffness and slightly due to changes in the lateral 
force pattern that exist between the two hazard levels. 
(4) A small phase difference is predicted by the SDP between the damper force and 
story deformation. 
The findings drawn from developing a nonlinear rate-dependent hysteretic 
model for the 3rd generation elastomeric damper is as follows: 
(1) The damper model captures important aspects of damper behavior and predicts the 
damper force time history with good accuracy for both harmonic and transient 
excitations. 
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(2) There is no redundant parameter in the model and model calibration leads to a unique 
response. 
(3) Including earthquake response histories in the calibration of the damper model 
slightly improves the model force predictions subjected to such excitations. 
(4) The model captures damper behavior in a wide deformation range and allows it to 
be used for NDTHA of structures subjected to DBE and MCE hazard levels as well as 
collapse analysis. 
(5) The damper model is readily able to be incorporated into OpenSees and used in 
nonlinear dynamic time history analysis of structures with elastomeric dampers. 
The findings from the NDTHA and performance evaluation of the designed steel 
structures with elastomeric dampers include: 
(1) The median of the maximum story drifts of 100V+DBF and 75V+DBF designs 
predicted by the NDTHA have close agreement with the maximum story drifts predicted 
by the SDP. 
(2) The structures designed with elastomeric dampers (i.e., 100V+DBF and 75V+DBF) 
have smaller maximum story drift, residual story drift, maximum MRF beam plastic 
rotation and maximum column plastic rotation, and improved performance at the FOE, 
DBE and MCE hazard level earthquakes. 
(3) Designing an MRF with 75% of the design base shear achieved the same 
performance compared with an MRF designed with 100% of the design base shear when 
dampers are used, but with greater probability of exceeding performance limits. 
(4) The 100V design satisfies LS at the FOE, and CP at both the DBE and MCE hazard 
levels.  
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(5) The 100V+DBF and 75V+DBF designs satisfy IO at the FOE hazard level, and LS 
performance level at both the DBE and MCE hazard levels. 
The findings from RTHSs of the designed steel structures with elastomeric 
dampers are as follows: 
(1) The experiments are repeatable and insensitive to initial stiffness and damping 
matrices used for calculation of the integration parameters. 
(2) Experimental results verified the SDP design objectives and predictions in addition 
to the accuracy of the OpenSees numerical simulations, and consequently the 
performance assessment performed based on the numerical simulations. 
(3) The damper showed repeatable and durable behavior and did not develop damage 
when subjected to 43 experiments with different ground motions at different hazard 
levels and intensities. 
(4) The damper model predicted the damper behavior with good accuracy for all 
experiments. 
(5) The average NRMSE is 4.4%, 2.2% and 2.1% and the average PAE is 1.7%, 1.2% 
and 1.8% for the 1st, 2nd and 3rd floor displacements, indicating that using the ATS 
compensator resulted in good actuator control and close agreement between measured 
and target displacements during an RTHS. 
(6) The average difference between the OpenSees and RTHS maximum story drift is 
12.4%, 10.4% and 9.17% at the 1st, 2nd and 3rd stories, respectively. The good agreement 
between the OpenSees numerical simulations and the RTHS results verifies the 
accuracy of the OpenSees drift estimates and performance assessment that was done 
based on these estimates.  
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(7) The average difference between the damper model and RTHS maximum damper 
force is 5.3%, 5.9%, 9.8%, 0.7%, 7.3% and 21.8% for the 1st story south side and north 
side dampers, 2nd story south side and north side dampers, and the 3rd story south side 
and north side dampers, respectively, verifying the accuracy of the developed damper 
model and repeatability of the damper behavior. 
(8) The maximum damper deformation over maximum story deformation ratio obtained 
from the RTHS and OpenSees numerical simulations are different by 13.7%, 10.1%, 
6.3%, 6.2%, 7.3% and 7.7% for the 1st story south side and north side dampers, 2nd story 
south side and north side dampers, and the 3rd story south side and north side dampers, 
respectively. This verifies that most of the story deformation occurs in the dampers 
which leads to an efficient design. 
(9) The average difference between the maximum brace axial forces recorded in the 
RTHS and predicted by OpenSees are 9.4%, 10.8%, 12.4%, 9.6%, 27.1% and 10.2% for 
the 1st story south side and north side braces, 2nd story south side and north side braces, 
and the 3rd story south side and north side braces, respectively. The good agreement 
between the OpenSees numerical simulations and the RTHS results verifies the 
accuracy of the OpenSees brace axial force estimates and performance assessment that 
was done based on these estimates. 
(10) The average difference between the maximum DBF column axial forces recorded 
in the RTHS and predicted by OpenSees are 9.9%, 9.6%, 8.5%, 6.4%, 7.7% and 5.2% 
for the 1st story south side and north side columns, 2nd story south side and north side 
columns, and the 3rd story south side and north side columns, respectively. The good 
agreement between the OpenSees numerical simulations and the RTHS results verifies 
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the accuracy of the OpenSees DBF column axial force estimates and performance 
assessment that was done based on these estimates. 
(11) The DBF column shear force obtained by the RTHS and OpenSees numerical 
simulations differ by 22.2%, 26.5%, 6.8%, 11.0%, 13.9% and 21.4% for the 1st story 
south side and north side columns, 2nd story south side and north side columns, and the 
3rd story south side and north side columns, respectively. The good agreement between 
the OpenSees numerical simulations and the RTHS results verifies the accuracy of the 
OpenSees DBF column shear force estimates. 
(12) The average difference between the maximum DBF column moments recorded in 
the RTHS and predicted by OpenSees are 18.3%, 22.4%, 10.2%, 10.8%, 14.6% and 
12.7%% for the 1st story column bottom (at ground level floor beam center line) and 
column top (at the intersection with the gusset plate), 2nd story column bottom and 
column top, and the 3rd story column bottom and column top, respectively. The good 
agreement between the OpenSees numerical simulations and the RTHS results verifies 
the accuracy of the OpenSees DBF column moment estimates and performance 
assessment that was done based on these estimates. 
(13) The average difference between the maximum MRF column axial forces recorded 
in the RTHS and predicted by OpenSees are 5.6%, 5.1% and 4.9%% for the 1st story, 
2nd story, and 3rd story columns, respectively. The good agreement between the 
OpenSees numerical simulations and the RTHS results verifies the accuracy of the 
OpenSees MRF column axial force estimates and performance assessment that was 
done based on these estimates. 
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(14) The average difference between the maximum column shear forces recorded in the 
RTHS and predicted by OpenSees are 8.6%, 6.0% and 5.1% for the 1st story, 2nd story, 
and 3rd story columns, respectively. The good agreement between the OpenSees 
numerical simulations and the RTHS results verifies the accuracy of the OpenSees MRF 
column shear force estimates. 
(15) The average difference between the maximum column moments recorded in the 
RTHS and predicted by OpenSees are 7.6%, 10.5%, 7.5%, 4.7%, 5.9% and 4.9% for the 
1st story column bottom (at the top of the ground level floor panel zone) and column top 
(at the bottom of the upper floor panel zone), 2nd story column bottom and column top, 
and 3rd story column bottom and column top, respectively. The good agreement between 
the OpenSees numerical simulations and the RTHS results verifies the accuracy of the 
OpenSees MRF column moment estimates and performance assessment that was done 
based on these estimates. 
10.3 Conclusions 
The major conclusions of the research described in this dissertation are as 
follows: 
(1) This research demonstrated that the 3rd generation pre-compressed elastomeric 
damper provides good energy dissipation and stiffness, and remains undamaged under 
DBE and MCE level ground motions.   
(2) The nonlinear rate dependent hysteretic model developed by this research for pre-
compressed elastomeric dampers captures the damper behavior well and can be used 
effectively within OpenSees for NDTHA of steel MRF structures with elastomeric 
dampers under earthquake ground motions of various intensities.   
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(3) This research shows that the flexibility of structural members other than braces in 
series with dampers affects the efficiency of a damped system and the analytical models 
developed by Fan (1998) were generalized to include such effects. 
(4) The pre-compressed elastomeric dampers were shown to significantly improve the 
performance of steel MRF structures; steel MRFs designed for 75% of the code-
specified design base shear (with elastomeric dampers) were shown to achieve the same 
performance as steel MRFs designed for 100% of the code-specified design base shear 
(with elastomeric dampers). 
(5) This research demonstrated that RTHS is an effective tool for verifying the 
performance of rate dependent elastomeric damped steel MRF systems; the RTHS 
results validated that the performance of the test structures satisfied the design 
objectives and the RTHS results validated the OpenSees numerical simulations.    
10.4  Future Research 
(1) The dampers were designed and tested at 0.6 scale. Full scale dampers should be 
produced and tested. 
(2) The design, analysis and experiments performed in this study are focused on a 
structure with separate MRFs and DBFs. In real-world design it is more practical to 
locate the dampers within MRFs. The performance of steel MRF structures when the 
dampers are located within the MRFs should be investigated. 
(3) The collapse capacity of steel MRF structures with elastomeric dampers should be 
studied and their performance compared with conventional steel MRF structures. 
(4) The effect of designing MRF with 75% of the design base shear on collapse capacity 
of steel MRF structures should be investigated.  
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Appendix A.    Derivation of Stiffness of Deformation Modes 
A.1   General 
As shown in Chapter 5 the story deformation of a DBF-damper system shown 
in Figure 5-12 can be described by six uncoupled deformation modes that are associated 
with: flexibility of dampers; flexibility of braces; flexibility of inter-story columns; 
flexibility of columns in lower stories (story rigid rotation); flexural flexibility of story 
bottom floor beam; and flexibility of damper beam connector. Among these 
deformation modes, deformation due to flexibility of dampers and deformation due to 
flexibility of damper-beam connector are trivial. In this Appendix the derivation of story 
deformation due to flexibility of braces, flexibility of inter-story columns, flexibility of 
columns in lower stories and flexural flexibility of story beam floor beam are presented. 
A.2   Flexibility of Braces 
At story 𝑖 with two braces with length of 𝑙𝑏 and angle of 𝜃𝑏 with floor beam, the 
story stiffness due braces associated with the stiffness of two braces is as follows: 
 𝑘𝑏𝑖 = 2
𝐴𝑏𝑖𝐸
𝑙𝑏𝑖
𝑐𝑜𝑠2(𝜃𝑏𝑖) (0-1) 
The brace length 𝑙𝑏𝑖 is related to the frame width 𝑙 as: 
 𝑙𝑏𝑖 =
𝑙𝑏𝑖 2⁄
cos⁡(𝜃𝑏𝑖)
 (0-2) 
Substituting Eq. (0-2) into Eq. (0-1), the story stiffness of this deformation mode can be 
written as: 
 
𝑘𝑏𝑖 = 2
𝐴𝑏𝑖𝐸
𝑙𝑏𝑖 2⁄
cos(𝜃𝑏𝑖)
𝑐𝑜𝑠2(𝜃𝑏𝑖) = 4
𝐴𝑏𝑖 . 𝐸
𝑙
⋅ 𝑐𝑜𝑠3(𝜃𝑏𝑖) (0-3) 
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A.3   Flexibility of Inter-Story Columns 
The stiffness of this deformation mode is calculated using virtual work. 
Subjected to lateral forces shown on Figure 5-12, the axial strains due to real axial forces 
are shown on Figure 6-1 (a). Note that at this deformation mode it is assumed that all 
structural members except the columns of story 𝑖 are rigid, hence the axial strains and 
curvatures in all members due to real forces are zero. Applying a unit force at the top of 
story 𝑖 leads to virtual axial forces as shown on Figure 6-1 (b). Using virtual work one 
can write: 
 1 ⋅ 𝛥𝑐𝑜𝑙_𝐼𝑆𝑖 = 2
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
𝑙⁄
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
ℎ𝑖
ℎ𝑖 − 𝑒𝑖
𝑙
=
2𝑀𝑊𝑃𝐷𝐵𝐹𝑖
ℎ𝑖(ℎ𝑖 − 𝑒𝑖)
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
𝐸𝑙2
⁡⁡ (0-4) 
Consequently the story stiffness corresponding to this deformation mode can be written 
as: 
 𝑘𝑐𝑜𝑙_𝐼𝑆𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝛥𝑐𝑜𝑙_𝐼𝑆𝑖
=
𝑉𝐷𝐵𝐹𝑖 ⋅ 𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
⋅ 𝐸 ⋅
𝑙2
ℎ𝑖 ⋅ (ℎ𝑖 − 𝑒𝑖)
⁡
2𝑀𝑊𝑃𝐷𝐵𝐹𝑖
 (0-5) 
A.4   Flexibility of Columns of Lower Stories 
The flexibility of columns in each story leads to a rotation between story bottom and 
top floors. This rotation is related to vertical deformation of the columns 𝛿𝑣𝑖 as shown 
in Figure A-2: 
 𝛥𝜃𝑖 =
2𝛿𝑣𝑖
𝑙
 (0-6) 
The vertical deformation of the columns in each stories can be found from axial strains 
shown in Figure 6-1 (a): 
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 𝛿𝑣𝑖 =
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
𝑙⁄
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
ℎ𝑖 ⁡⁡ (0-7) 
By substituting Eq. (0-7) into Eq. (0-6) the story rotation difference can be written as 
follows: 
 
𝛥𝜃𝑖 =
2
𝑙
⋅
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
𝑙⁄
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
ℎ𝑖 =
𝑀𝑊𝑃𝐷𝐵𝐹𝑖
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑖
𝐸
2
𝑙2
ℎ𝑖 ⋅ (ℎ𝑖 − 𝑒𝑖)
 
(0-8) 
The summation of these rotation differences at stories below story 𝑖 create a rotation of 
𝜃𝑖 at the base of story 𝑖 and cause a rigid body rotation at this story, as shown in Figure 
5-13 (d). The rotation at the base of story 𝑖 can be written as: 
 𝜃𝑖 = 𝜃𝑖−1 + 𝛥𝜃𝑖−1 =∑𝛥𝜃𝑗
𝑖−1
𝑗=1
 (0-9) 
This rigid body story rotation creates the story deformation  𝛥𝑐𝑜𝑙_𝐿𝑆𝑖 (Figure 5-13 (d)): 
 𝛥𝑐𝑜𝑙_𝐿𝑆𝑖 = 𝜃𝑖 . ℎ𝑖 = (∑𝛥𝜃𝑗
𝑖−1
𝑗=1
) ⋅ ℎ𝑖 =
(
 
 
∑
𝑀𝑊𝑃𝐷𝐵𝐹𝑗
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑗
. 𝐸
2 ⋅
𝑙2
ℎ𝑖
𝑖−1
𝑗=1
)
 
 
. ℎ𝑖  (0-10) 
Hence the story stiffness corresponding to this mode, 𝑘𝑐𝑜𝑙_𝐿𝑠𝑖, can be written as:  
𝑘𝑐𝑜𝑙_𝐿𝑆𝑖 =
𝑉𝐷𝐵𝐹𝑖
𝛥𝑐𝑜𝑙_𝐿𝑆𝑖
=
𝑉𝐷𝐵𝐹𝑖
(
 
 
∑
𝑀𝑊𝑃𝐷𝐵𝐹𝑗
𝐴𝑐𝑜𝑙𝐷𝐵𝐹𝑗
. 𝐸
2 ⋅
𝑙2
ℎ𝑖
𝑖−1
𝑗=1
)
 
 
⋅ ℎ𝑖
 
(0-11) 
A.5   Flexibility of Story Bottom Floor Beam 
Assuming that dampers are located symmetrically at two sides in story 𝑖, each 
damper carries half of the story shear. This force is eccentric with respect to beam 
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centerline and bends the beam as shown in Figure A-3 (a). The rotation at intersection 
of damper-beam connector and beam centerlines 𝜃𝑏𝑒𝑎𝑚𝑖 can be found using virtual 
work. The real curvature and virtual bending moment diagrams are shown in Figure A-3 
(b) and Figure A-3 (c). Using virtual work 𝜃𝑏𝑒𝑎𝑚𝑖 can be calculated: 
1 ⋅ 𝜃𝑏𝑒𝑎𝑚𝑖 =
1
2
𝑉𝐷𝐵𝐹𝑖𝑒𝑖𝑙
′
𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙
𝑙′ (
2
3
𝑙′
𝑙
) +
1
2
𝑉𝐷𝐵𝐹𝑖𝑒𝑖(𝑙−2𝑙
′)
2𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙
𝑙−2𝑙′
2
(
2
3
𝑙−𝑙′
𝑙
+
1
3
1
2
) −
1
2
𝑉𝐷𝐵𝐹𝑖𝑒𝑖(𝑙−2𝑙
′)
2𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙
𝑙−2𝑙′
2
(
1
3
1
2
+
2
3
𝑙′
𝑙
)+
1
2
𝑉𝐷𝐵𝐹𝑖𝑒𝑖𝑙
′
𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙
𝑙′
2
3
𝑙′
𝑙
 
(0-12) 
Which can be simplified to:  
 𝜃𝑏𝑒𝑎𝑚𝑖 =
𝑉𝐷𝐵𝐹𝑖𝑒𝑖
12𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙⁄
(1 − 6
𝑙′
𝑙
+ 12(
𝑙′
𝑙
)
2
) (0-13) 
Consequently the deformation of this mode 𝛥𝑏𝑒𝑎𝑚𝑖 can be written as follows: 
 𝛥𝑏𝑒𝑎𝑚𝑖 = 𝜃𝑏𝑒𝑎𝑚𝑖𝑒𝑖 =
𝑉𝐷𝐵𝐹𝑖𝑒𝑖
2
12𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖
𝑙⁄
(1 − 6
𝑙′
𝑙
+ 12 (
𝑙′
𝑙
)
2
) (0-14) 
Therefore the stiffness of this deformation is: 
 𝑘𝑏𝑒𝑎𝑚𝑖 =
12
𝐸𝐼𝑏𝑒𝑎𝑚𝐷𝐵𝐹𝑖−1
𝑙
(1 − 6
𝑙′
𝑙 + 12 (
𝑙′
𝑙 )
2
) ⋅ 𝑒𝑖2
 (0-15) 
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(a) Real axial strain 
 
(b) Virtual axial force 
Figure A-1. Real axial strain and virtual axial forces diagrams corresponding to inter-
story column flexibility deformation mode 
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Figure A-2. Rotation between story top and bottom due to flexibility of inter-story 
columns 
 
 
(a) Schematic of applied force and deformation of the beam 
 
(b) Beam real curvature diagram 
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(c) Beam virtual moment diagram 
Figure A-3. Schematic deformation, real curvature diagram, and virtual moment 
diagram corresponding to story bottom floor beam flexibility deformation 
mode 
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